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EIGHTH  INTERNATIONAL  SYMPOSIUM  ON  THE 
APPLICATIONS  OF  FERROELECTRICS 


August  31 -September  2,  1992 
Greenville,  South  Carolina,  U.  S.  A. 

PREFACE 


The  eighth  International  Symposium  on  the  Applications  of  Ferroelectrics  was  held  in  Greenville,  South  Carolina 
on  August  30th  to  September  2nd,  1992.  It  was  attended  by  approximately  260  scientists  and  engineers  who 
presented  nearly  200  oral  and  poster  papers. 

On  each  day,  the  technical  sessions  were  led  by  plenary  talks.  The  three  plenary  presentations  covered 
ferroelectric  materials  which  are  currently  moving  into  commercial  exploitation,  or  have  strong  potential  to  do  so. 
These  were: 

•  A  review  of  pyroelectric  imaging  by  Bernie  Kulwicki  and  co-workers  of  Texas  Instruments  where  arrays  of 
pyroelectric  sensors  are  being  successfully  produced  for  infra-red  imaging. 

•  A  review  of  ferroelectric  materials  integrated  with  silicon  for  use  as  micromotors  and  microsensors,  by 
Dennis  Polla  of  the  University  of  Minnesota. 

•  A  review  of  research  activity  in  Japan  on  high  permittivity  materials  for  DRAMs,  by  Yoichi  Miyasaka  of  NEC. 
It  is  believed  that  future  generations  of  silicon-based  microelectronic  memories  will  require  high  permittivity 
ferroelectric  materials  for  static  capacitors  due  to  the  shrinking  dimensions  of  the  devices.  This  will  push 
ferroelectric  materials  strongly  into  the  micoelectronics  arena. 

Invited  papers  covered  a  range  of  topics,  and  are  listed  below; 

D.  A.  Trossell,  et  al:  Pyroelectric  and  Electro-Optic  Properties  of  Dual  Ion  Beam  Sputtered  Lead  Titanate  Thin 
Films  -  GEC  Marconi  Materials  Technology  Ltd. 

S.  R.  J.  Brueck  and  A.  Mukherjee  Electro-Optic  and  Photorefractive  Effects  in  PLZT  Thin  Films  -  Center  for 

High  Technology  Materials,  University  of  New  Mexico 

T.  R.  Shrout  and  S.  L.  Swartz:  Processing  of  Ferroelectrics  and  Related  Materials:  A  Review  -  Materials 

Research  Laboratory,  Pennsylvania  State  University 

V.  Ya  Shur,  et  al:  Fast  Switching  in  Ferroelectrics:  Experimental  and  Computer  Simulation  -  Ural  State 
University 

A.  Sternberg,  et  al:  Modified  Lead  Containing  Perovskite  Ceramics  for  Electro-Optic,  Electrocaloric. 

Pyroelectric,  and  Electrostrictive  Applications  -  Institute  of  Solid  State  Physics,  University  of  Latvia 
Jan  Fousek  Domain  Investigation;  A  Select  Review  -  Institute  of  Physics,  Prague 

P.  K.  Larsen,  et  al:  Ultra  fast  Switching  and  Fatigue  in  Lead  Zirconate-Titanate  (PZT)  Thin  Films  -  Philips 
Research  Laboratories 

J.  Scheinbeim:  Piezoelectric  and  Ferroelectric  Polymers  -  Rutgers  State  University 
T.  R.  Gururaja;  Piezoelectric  Transducers  for  Medical  Ultrasonic  Imaging  -  Hewlett  Packard 

R.  Ramesh,  et  al:  Epitaxial  Ferroelectric  Thin  Films  for  Memory  Applications  -  Bellcore 

O.  Auciello:  A  Critical  Review  of  Ferroelectric  Thin  Film  Processing  -  Microelectronics  Center  of  North  Carolina 
and  NCSU 

S.  Sinharoy,  et  al:  Processing  and  Characterization  of  Ferroelectric  BaMgF4  and  Bi4Ti30i2  Films  for 

Nonvolatile  Memory  Field  Effect  Transistor  (FEMFET)  Devices  -  Westinghouse  Science  and 
Technology  Center 

B.  Tuttle,  et  al:  Chemically  Prepared  Pb(Zr,  Ti)03  Thin  Films:  The  Effects  of  Orientation  and  Stress  -  Sandia 

National  Laboratories 

J.  F.  Scott,  et  al:  Microstructure-Induced  Schottky-Barrier  Effects  in  Barium  Strontium  Titanate  Thin  Films  for 
16  and  64  Mb  DRAM  Cells  -  Department  of  Physics,  University  of  Colorado 

The  paper  by  Shrout  and  Swartz  was  unusual  because  it  represented  a  survey  of  the  community  on  current  and 
future  trends  in  processing.  It  generated  a  great  deal  of  interest  and  emphasized  the  fact  that  much  effort 


ni 


continues  to  be  put  into  a  steady  evolutionary  improvement  in  process  procedures,  particularly  through  improved 
synthesis  and  control  of  the  starting  powders. 

A  somewhat  more  revolutionary  development  is  that  of  ferroelectric  thin  film  materials.  The  papers  in  Greenville 
continued  to  reflect  the  large  interest  in  these  materials  which  became  so  apparent  at  ihe  7th  ISAF  held  at  the 
University  of  Illinois  in  1990.  It  was  encouraging  that  there  have  been  substantial  strides  made  in  both  the 
processing  and  the  understanding  of  the  thin  films  during  the  short  intervening  period.  It  was  equally  clear, 
however,  that  much  still  remains  to  be  done  before  viable  and  reliable  thin-film  devices  will  be  available  in  quantity 
in  the  marketplace.  It  should  also  be  noted  that  the  growth  of  activity  in  ferroelectric  thin  films  has  brought 
researchers  with  different  backgrounds  and  expertise  into  the  filed.  If  cross  fertilization  is  actively  encouraged, 
this  can  only  have  a  positive  impact  on  the  ferroelectrics  community.  It  is  with  this  in  mind  that  we  encourage 
ferroelectric  films  to  be  an  integral  part  of  the  ISAF  and  IMF  meetings,  rather  than  having  thin  films  directed  only  to 
the  specialist  meetings  which  have  evolved  (Materials  Research  Society  Symposia,  International  Symposium  on 
Integrated  Fe''roelectrics). 

As  the  attendees  will  well  remember,  this  ISAF  meeting  came  complete  with  unexpected  setbacks  with  the 
conference  hotel  suffering  a  power  outage  on  two  consecutive  afternoons.  Despite  this,  the  program  ran  on 
schedule.  Eric  Cross  entertained  guests  by  flickering  candlelight  at  the  conference  banquet  -  giving  a  personal 
account  some  of  the  people  and  personalities  involved  in  ferroelectrics  over  the  past  40  years.  The  Achievement 
Award  was  presented  to  Dr.  Wallace  A.  Smith  for  his  contributions  in  the  filed  of  composites.  It  was  also 
announced  at  the  banquet  that  the  next  ISF  will  be  held  at  Pennsylvania  State  University  in  1992,  with  Professor 
Amar  Bhalla  as  the  general  chairman. 

A  word  of  thanks  to  all  who  participated  in  this  meeting,  and  all  who  contributed  to  making  it  a  success.  Special 
thanks  go  to  Mr.  Jamie  White  of  Clemson's  Continuing  Engineering  Education  and  Mr.  Michael  Ingram  of  North 
Carolina  State  University  for  providing  organizational  support. 

Finally,  sincere  thanks  go  to  the  UFFC  and  IEEE  sponsoring  organizations  and  the  Office  of  Naval  Research  for 
their  financial  support  of  the  conference. 

Angus  I.  Kingon  Gene  Haertling 

Technical  Program  Chairman  Symposium  General  Chairman 

Department  of  Materials  Science  &  Engineering  Department  of  Ceramic  Engineering 

North  Carolina  State  University  Clemson  University 


IV 


1992  iSAF  Organizing  Committee  And  Session  Chairs 


General  Symposium  Chair; 

Gene  Haertling,  Clemson  University 

Technical  Program  Chair: 

Angus  I.  Kingon,  North  Carolina  State  University 

Technical  Program  Committee: 

Ahmad  Safari,  Rutgers,  the  State  University  of  New  Jersey 
C.  Fred  Clark,  CeramPhysics,  Inc. 

S.  B.  Krupanidhi,  The  Pennsylvania  State  University 

Publications  Committee 

S.  T.  Liu,  Honeywell  Solid  State  Electronics  Center 
Ahmad  Safari,  Rutgers,  the  State  University  of  New  Jersey 

Treasurer: 

J.  Thomas  Cutchen,  Sandia  National  Laboratory 
Assistant  Treasurer: 

Cecil  Land,  Sandia  National  Laboratory 

Local  Arrangements; 

Gene  Haertling,  Clemson  University 
Jamie  White,  Clemson  University 

Session  Chairs: 

Sidney  Lang,  Ben-Gurion  University 
Duane  Dimos,  Sandia  National  Laboratory 
Andy  Bell,  Ecole'  Polytechnique  de  Lausanne 
David  Hall,  University  of  Manchester 
Steve  Pilgrim,  Martin  Marietta 
Jan  Fousek,  Institute  of  Physics,  Prague 
Gene  Haertling,  Clemson  University 
Craig  Near,  Morgan  Matroc 

T.  R.  Gururaja,  Hewlett-Packard 

Ahmad  Safari,  Rutgers,  the  State  University  of  New  Jersey 

Tom  Shrout,  The  Pennsylvania  State  University 

Jim  Scott,  University  of  Colorado,  Boulder 

Roger  Whatmore,  GEC-Marconi 

Hisao  Banno,  NGK  Spark  Plug 

Kenji  Uchino,  The  Pennsylvania  State  University 

Joe  Dougherty,  The  Pennsylvania  State  University 

Yoichi  Miyasaka,  NEC  Corporation 

Ahmet  Erbil,  Georgia  Institute  of  Technology 

Bruce  Tuttle,  Sandia  National  Laboratory 

Angus  Kingon,  North  Carolina  State  University 


v 


TABLE  OF  CONTENTS 


Plenary  Session  1 —  Pyroelectric  Imaging 

Pyroelectric  Imaging  —  B.  M.  Kulwicki,  A.  Amin,  H.  R.  Beratan,  andC.  M.  Hanson . 

Concurrent  Session  1 A  -  Pyroelectrics,  Electrooptics 

Pyroelectric  And  Electro-Optic  Properties  Of  Sol-Gel  And  Dual  Ion  Beam  Sputtered  PLZT  Thin  Films  —  D.  A.  Tossall, 
J.  S.  Obhi,  N.  M.  Shorrocks,  A.  Patel,  and  R.  W.  Whatmore. . 

Deposition  And  Properties  Of  PLT  Thin  Films  By  Magnetron  Sputtering  From  Powder  Target  —  W.-G.  Luo, 


A.-L.  Ding,  R.-T.  Zhang,  Y.-H.  Huang,  andM.  Ge .  19 

A  Study  Of  The  Properties  Of  Acetate-Derived  PLZT  Films  On  Glass  Substrates  —  K.  D.  Preston  and 

G.  H.  Haertling .  23 


Concurrent  Session  2A  -  Pyroelectrics,  Electrooptics 


Ferroelectric  Copolymer  And  IR  Sensor  Technology  Applied  To  Obstacle  Detection  —  F.  Bauer,  J.  J.  Simonne,  and 

L.  Audaire .  27 

The  Analytic  Representation  Of  The  Effective  Nonlinear  Coefficients  For  Biaxial  Crystals  In  The  Cc  ordinate  Planes  — 

S.  W.  Xie,  W.  Y.  Jia,  P.  J.  Wang,  and  Y.  L  Chan .  31 

The  Concept.  Effects  and  Possible  Applications  Of  Optical  And  Acoustical  Superlattices  —  N.-B.  Ming .  35 

Lead  Calcium  Titanate  Ceramics  And  Integrated  Optical  Fifters  For  Infrared  Optical  Sensors  —  J.  de  Frutos, 

F.  Lopez,  and  B.  Jimenez .  39 

The  Relation  Between  The  Mg  Concentration  Threshold  Effect  And  The  Defect  Structures  Of  The  Congruent 

Mg:LiNb03  —  Q.-R.  Zhang  andX.-Q.  Feng .  43 

Optical  Associative  Memory  Using  Photorefractive  LiNb03:Fe  Hologram,  And  LiNb03;Fe  And  BaTi03,  Phase 

Conjugate  Mirror  —  Z.  Chen,  T.  Kasamatsu,  M.  Shimizu,  and  T.  Shiosaki .  47 


Concurrent  Session  IB  •  Dielectrics:  Synthesis,  Size  Effects 


The  Effect  Of  Dysprosium  On  The  Microstructure  And  Dielectric  Properties  Of  (Bai.xSrx)Ti03  Ceramics  — 

H.-W.  Wang  and  D.  A.  Hall. .  51 

Grain  Size  Effect  On  The  Dielectric  Properties  Of  Strontium  Barium  Titanate  —  U.  Kumar,  S.  F.  Wang,  S.  Varanasi , 

andJ.  P.  Dougherty .  55 

Hydrothermal  Synthesis  Of  Modified  Lead  Titanate  Powders  —  C.  E.  Millar  and  W.  W.  Wolny. .  59 

Sol-Gel  Techniques  For  The  Preparation  Of  Ultrafine  BaTi03  Powders  —  Q.  Zhang,  D.  Shen,  W.  Xue,  H.  Wang, 

and  M.  Zhao .  63 


Concurrent  Session  2B  -  Relaxor  Dielectrics:  Synthesis  And  Properties 


Dielectric  Properties  And  Crystal  Structures  Of  Entire  Compositions  In  The  Ternary  System  Pb(Mgi/2Wi/2)03- 

Pb{Nii/3Nb2/3)03-PbTi03  —  A.  Ochi,  T.  Mori,  andM.  Furuya .  66 

Preparation  Of  Dense  Ultra-Fine  Grain  Barium  Titanate-Based  Ceramic  —  U.  Kumar,  S.  F.  Wang,  and 

J.  P.  Dougherty. .  70 

High  K  Low  Firing  Temperature  Capacitors  Based  On  Lead  Niobate  —  J.  E.  Day,  A.  E.  Brown,  andJ.  D.  Nance. .  74 

Diffuse  Phase  Transition  And  Relaxor  Behavior  In  Perovskites  —  H  Schmitt,  D.  Simon,  and  P.  Pitzius .  76 

Concurrent  Session  1C  -  Ferroelectrics:  Processing,  Properties 

Processing  Of  Ferroelectric  And  Related  Materials:  A  Review  —  T.  R.  Shrout  and  S.  L.  Swartz .  80 

Preparation  And  Characterization  Of  Baruim  Titanate  Electrolytic  Capacitors  By  Anodic  Oxidation  Of  Porus  Titanium 

Bodies  —  S.  Venigalla,  P.  Bendale,  R.  E.  Chodelka,  J.  H.  Adair,  and  S.  A.  Costantino. .  89 

Synthesis  Of  Ferroelectric  Pbi  -xCaxTi03  Single  Crystals  —  N.  Ichinose  and  T.  Komachi .  94 

Effect  Of  Grain  Size  On  The  Grain  Boundary  Resistance  Of  Undoped  Barium  Titanate  Ceramic  —  W.  Y.  Lee  and 

L.  C.  Burton .  98 

Grain  Boundary  Behaviors  Of  Ferroelectric  Ceramics  —  K.  Okazaki,  H.  Maiwa,  M.  Hagiwara,  andS.  Sugihara .  103 

vn 


Electric  Fatigue  Initiated  By  S  rface  Contamination  In  High  Polarization  Ceramics  —  O.  Jiang,  W.  Cao,  and 

L  E  Cross .  107 

Concurrent  Session  2C  -  Forroelectrics:  Properties,  New  Materials 

Polarization  Fatigue  In  Perovskite  Ferroelectric  Ceramics  And  Thir.-Films  —  J  Chen,  M.  P.  Harmer,  and  D  M  Smyth  1 1 1 
Polarization  Switching  And  Long-Time  Relaxation  Etiects  Induced  By  Ofl-Center  Ions  In  KTai-xNbxOs  - 

L.  A.  Knauss.  C.  Jaquays,  P.  Adhikari,  B.  E.  Vugmeister,  andJ.  Toulouse .  lie 

Spontaneous  Polarization  In  The  Deuterated  And  Undeuterated  Proton  Glass  Rbi-x(NH4)xH2As04  -  N.  J  Pinto 

and  V.  H.  Schmidt .  119 

Investigation  Of  Ferroelectric  And  Pyroelectric  Properties  Of  Ceramics  With  Composition  Ba(Li2xAl2-2x)04-4xF4x 

(0<x<0.3)  -  S.-Y  Huang,  R.  Von  Der  Muhll,  J.  Ravez,  and  P.  Hagenmuller. .  123 

Plenary  Session  2  —  Microsensors  And  Microactuators 

Ferroelectric  Micros ansors  And  Microactuators  —  D.  L.  Polla .  127 

Concurrent  Session  3A  -  Piezoelectrics  And  Electrostrictives 

Modified  Lead  Containing  Perovskite  Ceramics  For  Electrooptic,  Electrocaloric,  Pyroelectric  and  Electrostrictive 

Applications  --  A.  Sternberg,  L.  Shebanov,  E.  Birks,  M.  Ozolinsh,  V.  Dimza,  and  E.  Klotins .  134 

Relaxor  Ferroelectrics  With  Lanthanum  Perovskites  —  T.  Takenaka  and  T.  Kanegae . .  140 

Domain  Cnentation  And  Piezoelectric  Properties  Of  Ag  Doped  PMN-PZT  Ceramics  —  K.  V.  R.  Murty, 

S.  N.  Murty,  K.  C.  Mouli,  and  A.  Bhanumathi .  144 

Grain  Size  Effect  On  The  Induced  Piezoelectric  Properties  Of  0.90PMN-0.10PT  Ceramic  —  S.  F.  Wang,  U  Kumar,  W. 

Huebner,  P.  Marsh,  H.  Kankul,  and  C.  G.  Oakley  149 

Effective  Electromechanical  Properties  Of  Some  Pb(Mgi/3Nb2/3)03-PbTi03-(Ba,Sr)Ti03  Ceramics  —  S.  M  Pilgrim, 

A.  E.  Bailey.  M.  Massuda.  J.  D.  Prodey,  and  A.  E.  Sutherland .  152 

Concurrent  Session  4A  -  Piezoelectrics  And  Electrostrictives. 

The  Effect  Of  Photo-Refractively  Induced  Periodic  Strain  Grating  On  Piezoelectric  Vibration  In  LiNb03:Fe  —  M.  Ohki, 

N.  Taniguchi,  and  T.  Shiosaki .  156 

Fabrication  Of  Piezoelectric  Ceramic/Polymer  Composites  By  Injection  Molding  —  L.  J.  Bowen  and  K.  W.  French .  160 

Piezoelectric  Bimorphs  With  Quadratic  Behavior  Using  Biased  ZnOOn  Si3N4  — U.  6.  Smits  and  W.-S.  Choi .  164 

Domain  Wall  Motion  In  Piezoelectric  Materials  Under  High  Stress  —  S.  Sherrit,  D.  B.  Van  Nice,  J  T.  Graham, 

B. K.  Mukherjee,  and  H.  D.  Wiederick. .  167 

Domain  Investigations;  A  Select  Review  — J  Fousek .  171 

Concurrent  Session  3B  -  Dielectrics:  Propeitles,  Materials  And  Applications 

Non  linear  Dielectric  Properties  Of  KTai.xNbx03  —  X.  M.  Wang,  B.  E.  Vurmeister  and  J.  Toulouse .  179 

Dielectric  Behavior  Of  Ferroelectric  Thin  Films  At  High  Frequencies — f.  Chen,  K.  R.  Udayakumar,  K.  G.  Brooks,  and 

L.  E.  Cross .  1 82 

PTC  Behavior  In  Yttria  Doped  BaTi03  As  Related  To  Grain  Boundary  Structure  —  R.  D.  Roseman,  J.  Kim,  and  R.  C. 

Buchanan .  185 

Nondestructive  Evaluation  Of  Multilayer  Capacitors  Using  Electromechanical  Resonance  Pher.onena—  H.-T.  Sun, 

H.-F.  Wang,  L.-Y.  Zhang,  and X.  Yao .  189 

Destruction  Mechanism  Of  Multilayer  Ceramic  Actuators  —  K.  Uchino  and  A.  Furuta .  195 

Concurrent  Session  4B  -  Miscellaneous  Materials  And  Applications 

Ferroelectric  Phase  Shifters  For  Phased  Array  Radar  Applications  —  D.  C.  Collier. .  199 

Modified  Lead  Scandium  Tanlalate  For  Uncooled  LWIR  Detection  And  Thermal  Imaging  —  R.  W.  Whatmore, 

N.  M.  Shorrocks,  P.  C.  Osbond,  S.  B.  Stringfellow,  C.  F.  Carter,  and  R.  Watton. .  202 

Low  Fire  Z5U  Ceramic  Dielectric  For  Surface  Mount  MLC  —  S.  P.  Gupta,  C.  R.  Koripella,  and  L.  A.  Mann .  206 

Relaxor  Studies  Of  Na,  Fe,  Mg  Doped  SBN  Ceramics  —  S.  N.  Murty,  K.  V.  R.  Murty,  G.  Padmavathi,  K.  L.  Murty,  and 

A.  Bhanumathi .  209 


VIII 


Dielelectric  And  Ferroelectric  Properties  In  The  Pb(Mgi/3Nb2/3)03-PbTi03-BaTi03  System  —  S.  H.  Lee,  Y.  J.  Kim, 

Y.  H.  Shin,  and  S.  W.  Choi .  213 

Concurrent  Session  3C  -  Thin  Films:  Electrical  Properties 

Ultrafast  Polarization  Switching  Of  Lead  Zirconate  Titanate  Thin  Films  —  P.  K.  Larsen,  G.  L.  M.  Kampschoer, 

M  B.  van  der  Mark,  and  M.  Klee .  217 

Leakage  Current  Mechanism  And  Accelerated  Unified  Test  Of  Lead  Zirconate  Titanate  Thin  Film  Capacitors  — 

/  K  Yoo  and  S.  B.  Desu .  225 

AC  Conductivity  And  Dielectric  Properties  Of  Sol-Gel  PZT  Thin  Films  For  Ferroelectric  Memory  Applications  — 

X  Chen.  A  I.  Kingon,  and  O.  Auciello .  229 

Concurrent  Session  4C  -  Thin  Films:  Electrical  Properties 

Measurement  Of  Electrooptic  Coefficient  Of  Ferroelectric  PLZT  Thin  Films  —  W.-G.  Luo,  A.-L.  Ding,  R.-T.  Zhang, 

K  S  Chan,  and  G.  G  Siu .  233 

Transverse  Electrooptic  Properties  Of  Antiferroelectric  Lead  Containing  Thin  Films--  F.  Wang,  K.  K.  Li,  and 

G.  H.  Haertling .  236 

Fatigue  Effect  On  The  l-V  Characteristics  Of  Sol-Gel  Derived  PZT  Thin  Films  —  S.  C.  Lee,  G.  Teowee,  R.  D. 

Schrimpf,  D  P.  Birnie,  III,  D.  R  Uhlmann,  and  K.  F.  Galloway. .  240 

Defect  Structures  And  Fatigue  In  Ferroelectric  PZT  Thin  Films  —  Z  Wu  and  M.  Sayer. .  244 

Concurrent  Session  5A  -  Piezoeiectrics  And  Eiectrostrictives:  Composites 

New  Ferroelectric  And  Piezoelectric  Polymers  —  J.  I.  Scheinbeim,  B.  A.  Newman.  B.  Z.  Mei,  and  J.  W.  Lee .  248 

Strain  Profile  And  Piezoelectric  Performance  Of  Piezocomposites  With  2-2  And  1  -3  Connectivities  —  Q.  M.  Zhang, 

W.  Cao,  H.  Wang  and  L.  E.  Cross. .  252 

An  Optimalization  Of  1 .3. 1  PZT-Polymer  Composite  For  Deep  Underwater  Hydrophone  Application  —  C.  Richard, 

P  Eyraud.  L.  Eyraud,  D.  Audigier  and  M.  Richard .  255 

Piezoelectric  Transducers  For  Medical  Ultrasonic  Imaging  —  T.  R.  Gururaja .  259 

Concurrent  Session  6A  -  Piezoeiectrics  And  Eiectrostrictives:  Polymers,  Transducers, 

Processing 

Piezoelectric  Properties  Of  "dai  -zero",  "d33-zero“  Or  "dh-zero"  Or  “dh-zero“  1  -3  Or  2-2  Type  Composite  Consisting 

Cf  0-3  Subcomposite  Of  Polymer/PbTi03  And  That  Of  Potymer/PZT  —  H.  Banno  and  K.  Ogura .  266 

Piezoelectric  PZT  Tubes  And  Fibers  For  Passive  Vibrational  Damping  —  S  Yoshikawa,  K.  G.  Brooks,  U.  Selvaraj, 

and  U.  S.  K.  Kurtz .  269 

Piezoelectric  Response  Of  Precisely  Poled  PVDF  To  Shock  Compression  Greater  Than  10  GPa—  F.  Bauer, 

R.  A.  Graham,  M.  U.  Anderson,  H.  LeFebvre,  L.  M.  Lee,  and  R.  P.  Reed. .  273 

New  Extremely  Broadband  Ferroelectric  Polymer  Ultrasound  Transducers  —  L.  F.  Brown .  277 

PZT-Based  Stacked  Acoustic  Filters  —  J.  Kosinski,  E.  Baidy,  J.  Shannon,  A.  Safari,  and  A.  Ballato .  281 

Concurrent  Session  SB  -  Thin  Films:  Processing 

Reactive  Coevaporation  Synthesis  And  Characterization  Of  SrTiOs-BaTiOs  Thin  Films  —  R.  Yamaguchi, 

S  Matsubara.  K.  '^akemura  and  Y.  Miyasal'  .  285 

Sol  Gel  Processing  Of  Thick  PZT  Films  —  G.  Yi  and  M.  Sayer. .  289 

Lead  Titanate  Thin  Films  Deposited  By  Metallorganic  Chemical  Vapor  Deposition  (MOCVD)  —  W.  C.  Hendricks. 

C.  H.  Peng,  and  S.  B  Desu .  293 

Bulk  vs  Thin  Film  PLZT  Ferroelectrics  —  D.  £  Dausch  andG.  H.  Haertling .  297 

Highly  Oriented  (Pb,  La)(Zr,  Ti)03  Thin  Films  On  Amorphous  Substrates  —  A.  Y.  Wu,  D.  M.  Hwang,  and  L.  M.  Wang  301 

Concurrent  Session  6B  -  Thin  Films:  Processing 

Barium  Strontium  Titanate  Thin  Films  By  Multi-lon-Beam  Reactive  Sputtering  Technique  —  C.-J.  Peng,  H.  Hu,  and 

S.  B.  Krupanidhi .  305 

Controlled  Ion  Bombardment  Induced  Modification  Of  PZT  Thin  Films  -  H.  Hu  and  S.  B.  Krupanidhi .  309 

IX 


Microwave  Assisted  Low  Temperature  Solid  Phase  Crystallization  Of  Ferroelectric  Thin  Films  —  J.  Chen. 

K.  R.  Udayakumar,  and  L.  E.  Cress .  313 

Preparation  Of  Lead-Zirconate-Titanate  Thin  Films  By  Reactive  RF-Magnetron  Cospuitering  Using  Multi-Element 

Metallic  Targets  And  Their  Evaluations  —  T.  Yamamoto,  T.  Imai.  and  T.  Shiozaki .  317 

A  Critical  Review  Of  Physical  Vapor  Deposition  Techniques  For  The  Synthesis  Of  Ferroelectric  Thin  Films  — 

O.  Auciello  and  A.  Kingon .  320 

Concurrent  Session  SC  -  Thin  Films:  Applications  And  CVO 

LiNb03  Thin  Film  Capacitor  And  Transistor  Processed  By  A  Novel  Method  Of  Photo-Induced  Metallo-Organic 

Decomposition  —  C.  H. -J.  Huang,  H.  Lin.  and  T.  A.  Rabson .  332 

Photo-CVD  Of  Ferroelectric  Pb(Zr,Ti)03  Thin  Films  —  T  Katayama,  M.  Sugiyama,  M.  Shimizu  and  T.  Shiozaki. .  336 

MOeVD  Growth  Of  BaTi03  In  An  8"  Single-Wafer  CVD  Reactor  —  P  C  Van  Buskirk,  P.  S.  Kirlin,  R.  Gardiner,  and 

S.  B.  Krupanidhi .  340 

Chemically  Prepared  Pb{Zr,  ri)03  Thin  Films:  The  Effects  Of  Orientation  And  Stress  —  B.  A.  Tuttle,  J.  A.  Voigt, 

T  J.  Garino,  D.  C  Goodnow,  R  W.  Schwartz,  D.  L.  Lamppa,  T.  J.  Headley,  and  M.  O.  Eatough .  344 

Concurrent  Session  6C  -  Thin  Films:  Applications  And  Processing 

DAAS  Technique  For  Synthesizing  Doped  PZT  And  PLZT  Thin  Films  —  C.  T.  Lin,  L.  Li  and  J.  S.  Webo,  R  .A.  Lipeles, 

and  M.  S.  Leung .  349 

The  Study  Of  PZT  Ferroelectric  Thin  Film  And  Composite  With  Amorphous  Silicon  —  Y.  L.  Wang,  D  H.  Wu, 

H.  T.  Chen,  and  D.  W.  Yu .  353 

Microstructure-Induced  Schottky  Barrier  Effects  In  Barium  Strontium  Titanate  (BST)  Thin  Films  For  16  And  64  Mbit 
DRAM  Cells  —  J.  F.  Scott.  M.  Azuma,  E.  Fujii,  T.  Otsuki,  G.  Kano,  M.  C.  Scott,  C.  A.  Paz  de  Araujo,  L.  D. 

McMillian,  and  T.  Roberts .  350 

POSTER  SESSION  I:  FERROELECTRIC 

New  Ferroelectric  Bai.xMx(Li2xAl2-2x)04.4xF4x  (M=Pb,  Sr)  —  S.-Y.  Huang,  R.  Von  DerMuhll,  J.  Ravez,  and 

P.  Hagenmuller. .  360 

Optical  Characteristics  Of  PbsAloFi 9-Type  Crystals  —  R.  Von  DerMuhll.  J.  Ravez.  V.  Andriamampianina, 

J.  P.  Chaminade,  and  A.  Simon .  354 

Poling  and  Switching  Behavior  Of  Ferroelectric  Single  Grains  Studied  By  Piezoelectric  Resonance  —  Y.  I.  Ryu. 

J.  S.  Kim,  and  I.  Yu. .  367 

The  Influence  Of  La  Content  In  PLZT-x/95/5  Ceramics  {x=0.5  to  4%)  On  The  Dielectric,  Pyroelectric,  Thermally 

Stimulated  Current  And  Raman  Scattering  Measurements  And  Model  Interpretation  —  J.  Handerek,  Z.  Ujma, 

D.  Dmytrow,  C.  Carabatos,  and  I.  El-Harrad .  370 

Processing  And  Characterization  Of  New  Members  Of  Pb-K-Niobate  Series  —  P.  Janna,  V.  A.  Kallur, 

M.  A.  Drummond,  S.  Nigli,  and  R.  K.  Pandey .  374 

Pyrochlore/Perovskite  Phase  Transformation  In  Lead  Zinc-Niobate  Based  Ceramics  —  X.  Wang  and  X.  Yao. .  377 

Dielectric  Properties  Of  Bismuth  Layer  Type  Ceramics  With  Lanthanum  And  Nickel  Co-Substitutions  —  6.  Huang, 

X.  Wang,  and  X.  Yao .  38 1 

Preparation  And  Phase  Transition  Of  Nanophase  Ferroelectric  PbTi03  Fine  Powders  —  S.  Lu,  L.  Zhang,  and  X.  Yao  385 
Amorphization  Of  Bulk  And  Thin  Film  PZLT  Materials  By  1.5  MeV  Krypton  Ion  Irradiation  With  in  situ  TEM 

Observation  —  L.  M.  Wang  and  A.  Y.  Wu. .  389 

The  Temperature  Dependence  Of  Sound  Velocities,  Elastic  Constants  And  Acoustic  Attenuation  Of  Lead  Lanthanum 

Zirconate  Titanate  (Pb,  La)(Zr,  Ti)03  —  A.  Y.  Wu.  G.  Nicolaides,  and  D.  M.  Hwang .  392 

Dielectric,  Piezoelectric,  And  Pyroelectric  Properties  In  The  Relaxor  Ferroelectric  (1-x-y)  Pb(Mgi/3Nb2/3)03- 

xPbTi03-yPbZr03  System  —  J.  S.  Ko,  Y.  J.  Kim,  Y.  H.  Shin,  and  S.  W.  Choi .  395 

Influence  Of  High  Energy  Grinding  On  The  Texture,  Structure  And  Electrical  Properties  Of  Barium  Titanate  — 

J.  M.  Criado,  F.  J.  Gotor,  L.  Perez-Maqueda,  C.  Real,  M.  Mundi,  andJ.  del  Cerro .  398 

90°  -  Domain  Reversal  In  Pb(ZrxTii.x)03  Ceramics  —  S.  Li,  C.-Y.  Huang,  A.  S.  Bhalla,  and L.  E.  Cross .  401 

Phenomenological  Treatment  Of  Dielectric  Loss  of  Ferroefectrics  Under  Hydrostatic  Pressure  —  S.  Fujimoto,  Y.  Kato, 

and  K.  Kanai. .  405 


X 


POSTER  SESSION  11:  THIN  FILMS 


Electrode  Effects  On  Electrical  Properties  Of  Ferroelectric  Thin  Films  —  D.  P.  Vijay,  C.  K.  Kwok,  W.  Pan,  I.  K.  Yoo, 

and  S.  d.  Desu .  408 

Prepardion  And  Characterization  Of  Lead  Lanthanum  Titfanate  Thin  Films  By  Metalorganic  Decomposition  — 

A.  R.  Khan,  I.  K.  You,  and  S.  B.  Desu .  412 

The  Use  of  Design  And  Experiments  To  Evaluate  The  Reliability  Of  Ferroelectric  Nonvolatile  Memories  — 

T.D.  Hadnagy,  S.  N.  Mitra,  D.  J.  Sheldon .  416 

Pure  And  Modified  Lead  Titanate  Thin  Films  By  Sol  Gel.  —  D.  M.  Tahan  and  A.  Safari .  420 

Effect  Of  Zr/Ti  Stoichiometry  Ratio  On  The  Ferroelectric  Properties  Of  Sol-Gel  Derived  PZT  Films  —  G.  Teowee, 

J.  M.  Boulton.  E.  A.  Kneer,  M.  N.  Orr.  D.  P.  Birnie  III,  D.  R.  Uhlmann,  S.  C.  Lee,  K.  F.  Galloway,  and 

R.  D.  Schrimpf. .  424 

Compositional  Control  Of  Ferroelectric  Pb(Zr,Ti)03  Thin  Films  Prepared  By  Reactive  Sputtering  And  MOCVD  — 

M.  Shimizu,  K.  Hayashi,  T.  Katayama,  and  T.  Shiosaki. .  428 

Crystallization  And  Dielectrical  Properties  Of  PLZT  Films  Derived  From  Metailo-Organic  Precursors  —  P.  Sun, 

L.-Y.  Zhang,  and X.  Yao .  432 

Structural  Investigation  Of  Thin  Film  PLZT  Using  X-Ray  Absoption  Spectroscopy  —  R.  B.  Greegor,  F.  W.  Lytle,  and 

A.  Y.  Wu .  436 

Elecrhcal  Characterization  Of  Multi-lon-Beam  Reactive  Sputter  Deposited  PZT  Thin  Films  —  H.  Hu  and 

S.  B.  Krupanidhi .  440 

Sol-Gel  Lead  Zirconate-Titanate  Thin  Films:  Effect  Of  Solution  Concentration  —  C.  Livage,  A.  Safari,  andL.  C.  Klein..  444 
Electrical  Characterization  Of  Sol-Gel  Derived  PZT  Thin  Films  —  /C.  R.  Bellur,  H.  N.  Al-Shareef,  K.  D.  Gifford, 

S.  H.  Rou,  O.  Auciello,  and  A.  I.  Kingon .  446 

Control  Of  Lead  Content  In  PLZT  Thin  Films  Produced  Using  Cluster  Magnetron  Sputtering  —  /C.  F.  Dexter, 

K.  L.  Lewis,  and  J.  E.  Chadney  452 

POSTER  SESSION  Ml:  DIELECTRIC 

Effect  Of  Core  Shell  Morphology  On  Dielectric  Properties  Of  Zr  Doped  BaTi03  —  T.  R.  Armstrong  R  D  Roseman,  and 

R.  C.  Buchanan .  455 

High  Frequency  Dielectric  Relaxation  In  PbiMgo.tayNboessTio.osfOa  Ceramics  —  C.  Elissalde,  P.  Gaucher,  and 

J.  Ravez .  458 

Dielectric  And  Ferroelectric  Behaviors  Of  Ba(Tii.xLix)(03.3xF3x)  Ceramics  —  C.  Elissalde,  J.  Ravez,  andX.  Yao .  462 

Relaxation  In  (Bai-yPbyjTiOs  Ceramics  — S.  Kazaoui,  C.  Elissalde,  andJ.  Ravez .  465 

A  Low-Firing  High  Properties  MLC  —  Z  /.  Mao,  L.  T.  Li,  and X.  Yao. .  468 

One-Step  Low-Temperature  Sintering  Of  SrTiOs  Based  Grain  Boundary  Barrier  Layer  Capacitor  Materials  —  Z.  W. 

Yin.  B.  Xu.  and  H.  Wang .  472 

Influence  Of  Sintering  Condition  On  Microstructure  Development  Of  BaTi03  Based  PTCR  Materials  — Z  Z.  Huang, 

H.  M.  Lu.  andZ.  W.  Yin .  476 

Quasi  Lumped  Parameter  Method  For  Microwave  Measurements  Of  Dielectric  Dispersion  In  Ferroelectric  Ceramics  — 

S.  Li,  J.  Sheen,  Q.  M.  Zhang,  S.-J.  Jang.  A.  S.  Bhalla,  andL.  E.  Cross .  480 

Automated  System  For  Processing  Of  PLZT  Powders  Derived  From  Acetate  Precursors  — J.  Barrett  and  E.  C.  Skaar  484 

PLZT  Powders  From  Acetate  Precursors  Via  Coprecipitation  —  C.  Lin,  B.  I.  Lee,  andG.  H.  Haertling .  488 

Gram  Size  Effects  In  Barium  Titanate  —  K.  wa  Gachigi,  U.  Kumar,  and  J.  Dougherty .  492 

POSTER  SESSION  IV:  PIEZOELECTRIC,  ELECTROSTRICTIVE 

The  Flexible  Composite  Ferroelectric  Functional  Films  —  D.  Yang .  496 

Hysteresis  Behavior  And  Piezoelectric  Properties  Of  Nb  Doped  PLZT  Ceramics  —  K.  V.  R.  Murty,  K.  Umakantham, 

S.  N.  Murty,  K.  C.  Mouli,  and  A.  Bhanumathi .  500 

Electrical  Degradation  Process  And  Mechanical  Performance  Of  Piezoelectric  Ceramics  For  Different  Poling 

Conditions  —  T.  Tanimoto  and  K.  Okazaki .  504 

0-3  Piezoceramic-Polymer  Composites  Prepared  Using  Thermoplastics  and  Elastomers  —  M.  A.  Williams,  D.  A.  Hall, 

and  A.  K.  Wood .  508 

Field  Dependence  Of  The  Electromechanical  Properties  Of  Fine  Grained  Hydrothermally  Processed  Lead  Titanate 

Ceramics  —  L.  Pardo,  J.  Ricote,  C.  Alemany,  B.  Jimenez,  and  C.  E.  Millar. .  512 


XI 


Processing  And  Characterization  Of  Ca,  Ce  And  Ka  Ion  Doped  Lead  Titanates  —  A.  Ahmad,  T.  A.  Wheat, 

J.  D.  Canaday,  A.  K.  Kuriakose,  S.  £  Prasad,  and  S.  Varma .  516 

Microstructural,  Dielectric,  Piezoelectric,  And  Pyroelectric  Properties  Of  Chemically  Dervied  Modified  Lead  Titanate  — 

A.  Ahmad  and  T.  A.  Wheal,  S.  Sherrit,  and  B.  K.  Mukherjee .  520 

Fabrication  And  Piezoelectric  Properties  Of  PZT  Ceramics  Prepared  By  Partial  Oxalate  Method  —  H.-D.  Nam 

andH.  Y.  Lee .  524 

Microstructure  And  Properties  Of  Cr203  Doped  Lead  Titanate  Piezoceramics  —  L.  Wu,  Y.-Y.  Lee  ,  and  C.-K.  Liang..  529 
Elaboration  Process  And  Study  Of  Nb-Ni  Substituted  PZT  Ceramics  With  High  d33  and  er  Coefficients  —  L.  Eyraud. 

P.  Eyraud,  S.  Ray.  and  M.  Trocca: .  533 

Piezoelectric  Actuators  In  Rotary  Or  Linear  Motions  By  Excitation  Of  Asymmetric  Displacement  —  Y.  Tomikawa, 

M.  Aoyagi,  and  C.  Kuskbabe .  537 

High  Torque  Ultrasonic  Motor  Using  Longitudinal  And  Torsional  Vibrations  -  Characteristics  Of  The  Motor  With  A 
Revolving  Torsional  Vibrator  Used  In  Common  As  A  Stator  And  A  Rotor  —  M  Aoyagi,  A.  Satoh,  and 
Y.  Tomikawa .  541 

A  Study  On  The  Relationship  Of  Phase  Equilibrium  And  Electromechanical  Properties  In  The  Modified  PbTi03- 

BiFe03  System  —  P.  Lu,  W.  Zhang,  O.  Shen,  W.  Xue,  and  M.  Zhaa .  545 

Large  Anisotropy  On  Electromechanical  Properties  Of  Rare-Earth  And  Alkaline-Earth  Oxides  Complex  Modified- 

PbTi03  Ceramics  —  H.  Wang,  W.  R.  Xue,  P.  W.  Lu,  D.  W.  Shen,  Q.  T.  Zhang,  and  M.  Y.  Zhao .  548 

Sol-Gel  Techniques  For  The  Preparation  Of  Uttrafine  PbTi03  Powders  —  Q.  Zhang,  Z.  Zhang,  D.  Shen,  H.  Wang, 

W.  Xue.  and  M.  Zhao .  55 1 

Development  Of  Portable  DC  Voltage  Standard  Using  PZT‘s  —  M.  Lai. .  554 

The  Electrical  Properties  Of  Antiferroelectric  Lead  Zirconate-Ferroelectric  Lead  Zinc  Niobate  Ceramics  With 

Lanthanum  — J.  S.  Yoon,  V.  S.  Srikanth,  and  A.  S.  Bhalla .  556 

The  DC  Field  Dependence  Of  The  Complex  Piezoelectric,  Elastic  And  Dielectric  Constants  For  A  Lead  Zirconate- 

Based  Ceramic  —  £.  F.  Alberta.  D.  J.  Taylor,  A.  S.  Bhalla,  and  T.  Takenaka .  560 

Interfaces  Between  Electrode  Metals  And  (Pb,La)(Zr,Ti)03  In  Oxidizing  Atmosphere  —  S.  Sugihara  and  K.  Okazak  .  565 

The  Electrostrictive  And  Related  F roperties  Of  (Pbi-xBax)l-3z/20<z  (2ri-yTiy)03  Ceramic  System—  G.  Li  and 

G.  Haertling .  569 

Ceramic  Actuator  With  Three-Dimensional  Electrode  Structure  —  Y.  Fuda,  T.  Yoshida,  T.  Ohno,  and  S.  Yoshikawa...  573 

Composite  Of  BaTiOs  And  Pb(Zr,  Ti)03  Fabricated  With  CO2  Laser  —  S.  Sugihara .  577 

Anomalous  Mechanical  And  Piezoelectric  Coefficients  In  Piezoceramics  Used  For  Ignition  —  P.  Gonnard, 

C.  Garabedian,  H.  Ohanessian,  and  L.  Eyraud. .  58 1 

The  Mechanism  Of  Low  Temperature  Sintering  PZT  Ceramics  With  Additives  Of  Li20-Bi203-CdO  —  X.  Wang,  P.  Lu, 

D.  Shen,  W.  Xue,  and  M.  Zhao .  585 

Dielectric,  Piezoelectric,  and  Pyroelectric  Properties  In  The  Pb(Mgi/3Nb2/3)03-PbTi03-Pb(Zni/3Nb2/3)03  System  — 

S.  H.  Lee,  Y.  J.  Kim,  K.  C.  Kim,  and  S.  W.  Choi .  588 

POSTER  Session  V:  Electrooptic,  pyroelectric,  photorefractive 

Influence  Of  Moisture  On  Pyroelectric  Properties  Of  Bone  —  V.  E.  Khutorsky  and  S.  B.  Lang .  592 

A  PLZT  Optical  Phase  Modulator  And  Its  Applications  —  F.  Wang  and  G.  H.  Haertling. .  596 

Model  Of  Electrooptic  Effects  By  Green  Function  And  Summary  Representation:  Appllications  To  Bulk  And  Thin  Film 

PLZT  Displays  And  Spatial  Light  Modulators  —  A.  Y.  Wu,  T.  C.  C.  Chen,  and  H.  Y.  Chen .  600 

Field  Enhancement  And  Reduction  And  Elimination  Of  Remanent  Light  Flow  In  Electrooptic  Bulk  And  Thin  Film 

Displays  And  Spatial  Light  Modulators:  Theory  And  Practice  — A.  Y.  Wu  .  604 

The  Self-Second  Harmonic  Generation  Crystal  NYAB  Pumped  By  The  Laser  Output  Of  Ti3+;Al203  —  S.  W.  Xie, 

W.  Y.  Jia,  P.  J.  Wang,  T.  Liou,  and  Y.  L.  Chen .  607 

Raman  Spectroscopy  And  Nonlinear  Optical  Properties  Of  PbTi03  Suspension  —  Y.  Han,  Q.  Zhou,  L.  Zhang,  and 

X.  Yao .  609 

Automatic  Ellipsometry  Measurement  For  Anisotropic  Materials  —  Y.  Li,  B.  You,  L.  Zhang,  and  X.  Yao .  613 

Optical  Properties  Of  LiNb03,  With  Ion  Implantation  And  Titanium  Thermal  Diffusion  —  B.  You,  L.  Zhang  ,and X.  Yao  61 7 

Optical  Properties  Of  PbTiOs'Epoxy  0-3  Fine  Composites  —  O  F  Zhou,  Y.  Han,  L.  Y.  Zhang,  and  X.  Yaa .  621 

Measurement  Of  Dark  Conductivity  At  Extremely  Low  Light  Levels  Using  Photorefractive  Two  Wave  Mixing  — 

A.  E.  Clement,  G.  C.  Gilbreath,  R.  McKnight,  Jr.,  J.  Reintjes,  and  J.  M.  K.  Chock .  625 

Photorefractive  Image  Amplification  At  Ex^'emely  Low  Light  Levels  —  G.  C.  Gilbreath,  A.  E.  Clement,  J.  Reintjes,  and 

R.  A.  McKnight,  Jr. .  629 

Author  Index .  633 

XII 


Pyroelectric  Imaging 


PYROELECTRIC  IMACiING 


Bernard  M.  Kulwicki  and  Ahmed  Amin 
Texas  Instruments  incorporated 
34  Forest  St.,  MS  10-13.  Anleboro.  MA  02703 

Howard  R.  Beratan  and  Charles  M.  Hanson 
Texas  Instruments  Incorjjoratcd 
P.O.  Box  655012,  MS  37.  Dallas.  TX  75265 


Abstract 

yroelectric  detection  represents  a  significant  technology 
for'.,  ared  imaging  in  the  8-14  |im  atmospheric  window.  Detec¬ 
tor  materials  of  interest  include  Ba|.,Sr,TiO,,  PbSci^jTai/rO.i. 
PbZti  .Ti.Oj  and  PbTiOj.  The  first  two  materials  rypically  operate 
near  the  phase  transition  temperature,  with  dc  bias  applied.  Lead 
(zirconate)  titanates  are  poled  and  operate  without  bias  well  below 
their  transition  temperature.  A  principal  objective  of  work  on 
pyroelectric  imaging  has  been  to  produce  low-cost  infrared  cam¬ 
eras  which  are  capable  of  delivering  television  quality  images  and 
which  operate  near  room  temperature  without  requiring  costly 
cooling  systems.  Good  progress  has  occurred  toward  achieving 
this  objective. 

Introduction 

Infrared  imaging,  particularly  in  the  wavelength  range  of 
10-14  pm,  corresponding  to  the  thermal  black  body  maximum  near 
room  temperature  and  to  the  atmospheric  window,  is  desirable  for 
a  wide  range  of  applications.  Some  examples  include  night  vision, 
reconnaissance,  target  recognition,  driving  aids,  manufacturing 
controls  and  security  systems  1 1-21. 

Present  commercially  available  systems  that  provide  high 
resolution  and  fast  response  time  are  based  on  photon  detectors, 
operating  at  low  temperature  {e.g.  11  "K)  in  order  to  obviate  the 
effects  of  thermal  noise.  The  majority  of  such  systems  utilize 
photoconductive  mei  cury  cadmium  telluride  (MCT)  as  the  detector 
material  [2-5].  Photovoltaic  detectors  utilizing  MCT  [3-6],  Si-PtSi 
Schottky  barriers  [6-8]  and  III-V  comptound  superlattices  [5,10]  are 
actively  being  developed.  Tradeoffs  among  the  various  approach¬ 
es  exist  [9.1 1].  However,  all  these  systems  require  extensive 
cooling  and  thus  tend  to  be  costly. 

In  applications  that  do  not  require  extremely  high  resolu¬ 
tion  or  fast  response  time  it  is  feasible  to  utilize  thermal  detectors. 
The  two  technologies  considered  most  seriously  are  thermistor 
bolometers  and  pyroelectric  detectors.  Both  offer  the  pwssibility  to 
operate  near  room  temperature,  without  extensive  cooling.  The 
greatest  effort  has  been  on  pyroelectric  materials,  and  the  reader  is 
referred  to  a  considerable  literature  detailing  the  progress  in 
achieving  improved  performance  over  time  [12-25]. 

Approximately  ten  years  ago  significant  effort  was  devoted 
to  the  development  of  the  pyroelectric  vidicon  [14-19],  Five  years 
ago  activity  shifted  to  hybrid  structures  with  a  reticulated  thin 
ceramic  detector  array,  solder  bump-bonded,  pixel  by  pixel,  to  the 
silicon  readout  circuitry  [17-21  ].  A  device  implementation  of  this 
type,  utilizing  a  modified  PZT  ceramic,  was  described  by  Shor- 
rocks  at  the  Urbana  meeting  in  1990  [26|.  This  effort  has  con¬ 
tinued  with  the  improved  performance  of  phase  transition  materials 
such  as  lead  scandium  tantalate  (PScT)  [21,25,47].  The  most 
recent  work  has  explored  thin  films  to  minimize  thermal  ma.ss  and 
further  improve  responsivity  [24-28]. 


This  paper  will  attempt  to  review  the  application  of  py¬ 
roelectric  detectors  to  infrared  imaging,  emphasizing  progress  in 
the  last  several  years.  First  we  shall  briefly  compare  imaging 
technologies,  then  discuss  the  principles  of  pyroelectricity,  proceed 
to  an  updated  comparison  of  pyroelectric  materials  suitable  for 
imaging  application,  and  finally  consider  the  device  and  system 
requirements.  We  will  also  present  the  results  of  some  of  our  own 
efforts  to  produce  hybrid  detectors  employing  reticulated  barium 
strontium  titanatc  ceramics. 


Imaging  Technologies 

Photon  Detectors 

The  principal  means  to  produce  imagery  in  the  10-14  pm 
window  involves  the  utilization  of  cooled  small  band  gap  semi¬ 
conductor  arrays  in  either  photoconductive  (PC)  or  photovoltaic 
(PV)  mode  [4].  PC  devices  typically  use  mercury  cadmium  tellu¬ 
ride  as  a  detector  material  and  are  most  often  employed  in  scanning 
mode;  i.e.  a  linear  detector  array  mechanically  scans  the  scene, 
producing  very  high  resolution  imagery  with  extremely  short 
response  time  [2].  The  IR  photons  absorbed  by  the  semiconductor 
create  electron-hole  pairs,  and  the  resulting  photo  cunent  is  propor¬ 
tional  to  the  intensity  of  the  incoming  radiation.  Shortcomings  of 
this  type  of  detector  include  the  cost  and  reliability  of  the  scanning 
and  cooling  systems,  and  pixel  to  pixel  variability  in  the  array  of 
PC  elements,  giving  rise  to  undesirable  fixed  pattern  noise. 

Efforts  have  been  underway  to  produce  PV  staring  arrays 
(i.e.  rectangular  array  of  pixels  attached  to  an  integrated  circuit 
multiplexer/preamplifier)  that  eliminate  the  scanning  system  and 
provide  improved  pixel  to  pixel  uniformity.  Substantial  activity  on 
PtSi  diodes  for  medium  wavelength  operation  [8]  and  IrSi  for 
operation  out  to  10  pm  [7-8]  have  shown  promise  in  achieving 
high  density  (648  x  487)  pixel  arrays  with  outstanding  uniformity. 
However,  till  now  they  appear  mainly  useful  in  the  shorter  wave¬ 
length  range  (up  to  5  pm).  IrSi  diodes  require  cooling  to  45  "K  and 
just  then  become  responsive  at  10  pm.  Since  manufacturing  takes 
advantage  of  low-cost  planar  silicon  processing  technology,  it  is 
likely  that  continued  effort  will  occur  to  extend  the  range  of  opera¬ 
tion  of  these  devices.  But  it  is  unlikely  that  the  cooling  require¬ 
ment  can  be  eliminated  for  10-14  pm  operation.  Second  genera¬ 
tion  PV  MCT  devices  have  also  been  developed  to  address  the 
problem  of  pixel  uniformity  [6,1 1]. 

Research  effort  is  also  being  devoted  to  the  investigation 
of  GaAs/(Ga,Al)As  and  other  ni-V  system  quantum  well  superlat¬ 
tices,  in  order  to  further  extend  sensitivity,  response  and  resolution, 
especially  at  long  wavelength  [6.10].  Since  these  structures  can  be 
processed  like  Si  devices,  it  is  hoped  that  manufacturing  cost  will 
be  low,  but  it  is  likely  that  cooled  systems  will  continue  to  be 
required  for  acceptable  signal  to  noise  levels. 
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Thermal  Detectors 

Thermistor  bolometry  is  a  sensitive  means  to  detect  in¬ 
frared  radiation  [3|  and  continues  to  receive  attention.  In  addition 
to  the  utilization  of  conventional  semiconductor  NTC  [29-.30J  and 
PTC  [311  thermistors,  efforts  to  take  advantage  of  the  rapid  change 
in  resistivity  of  high  temperature  superconductors  such  as 
YBa.CujOy.j  (YBCO)  have  shown  promise  (32-33J.  However,  the 
latter  approach  requires  cooling  below  125  ®K  (below  90  ®K  for 
YBCO). 

The  utilization  of  the  pyroelectric  effect  in  ferroelectric 
materials  has  been  of  strong  interest,  since  this  technology  promis¬ 
es  elimination  of  expensive  cooling  systems  (i.e.  it  is  relatively  low 
in  cost),  and  has  adequate  performance  for  many  medium  range, 
human  vision  limited  applications.  Recent  applications  work  has 
emphasized  hybrid  detector  ceramic/IC  device  structures,  using 
either  conventional  pyroelectrics  operating  well  below  T,.  [17- 
23,26)  or  phase  transition  materials  operating  near  the  transition 
temperature  under  dc  bias  [19-25].  Additionally,  increasing  effort 
is  being  devoted  to  the  exploration  of  thin  film  structures,  with  the 
pyroelectric  film  deposited  directly  on  the  IC,  taking  advantage  of 
surface  micro-machining  to  provide  the  necessary  thermal  isolation 
[28].  This  paper  will  principally  consider  recent  developments  in 
hybrid  and  thin  film  pyroelectric  detectors. 


Pyroelectricity 

If  the  crystal  has  an  electric  polarization  P|,  then  pyroelec¬ 
tricity  is  defined  as  the  change  in  electric  polarization  accompany¬ 
ing  a  change  in  temperamre.  The  pyroelectric  coefficient  P|  relates 
the  change  in  polarization  APj  (a  vector)  and  the  temperature 
change  AT  (a  scalar)  by: 


tioii,  py.wclectriciiy  is  allowed  in  the  two  limiting  Curie  groups 
— (C  oo),  and  o»mm(C„ ,)  which  represent  the  symmetry  of  a  tex¬ 
tured  material  (e  g.,  wood)  and  that  of  an  electrically  poled  ferroe¬ 
lectric  ceramic  respectively.  If  the  crystal  point  group  contains  a 
unique  polar  axis  (2,  3,  4,  or  6  fold),  this  will  necessarily  be  the 
direction  of  the  pyroelectric  vector.  For  point  group  m(C,),  the 
polar  axis  will  be  anywhere  in  the  mirror  plane. 


Ela.stic  and  Electric  Boundaries 

Most  pyroelectric  measurements  are  made  under  constant 
stress,  i.e  X  =  0  for  all  values  of  i.j.  The  difference  between  the 
stress  free  ’undamped"  pyroelectric  coefficient  p’^  and  the 
"clamped"  coefficient  measured  under  constant  strain  p*  could  be 
significant.  For  triglyeine  sulfate  (TGS)  the  pyroelectric  coeffi¬ 
cients  measured  under  constant  stress  p’^  and  constant  strain  p*  are 
-0.027  and  -fO.006  pC  cm*^  K  ',  respectively  [34). 

The  relationship  between  the  pyroelectric  coefficient  meas¬ 
ured  under  constant  stress  p’^.  and  that  measured  under  constant 
strain  jj*  (the  primary  coefficient)  is  given  by: 

=  +  a/  (i.j.  .  .  =  1,2,3.  (3) 

where,  is  the  elastic  stiffness  tensor,  d  the  piezoelectric  tensor 
and  the  thermal  expansion  tensor.  The  supterscripts  denote  the 
measurement  conditions.  The  second  term  in  the  right  hand  side  of 
equation  3  is  known  as  the  secondary  pyroelectric  effect.  It  is 
piezoelectric  in  origin,  and  represents  the  coupling  of  thermal 
strain  to  the  polarization  vector  via  the  piezoelectric  modes  of  the 
crystal.  The  reduced  form  of  equation  3  for  the  10  polar  groups 
can  be  found  in  [34].  For  point  groups.  4(04.,  4mm(C4, ).  3(C,l 
3m(C,,).  6(0^),  6mm(C^,),  and  the  Curie  group  ~  mm(C„y  ), 
equation  3  takes  the  fonn: 
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For  infinitesimal  changes  in  temp)erature,  equation  1  can  be  written 
in  a  differential  form: 

aP,/aT  =  p..  (2) 

In  the  mks  system  of  units  the  polarization  P,  (i.e.  the  charge  prer 
unit  area  taken  perpendicular  to  the  polarization  vector)  has  the 
dimension  C  m'^.  Therefore,  the  pyroelectric  coefficient  pj  is 
expressed  in  C  m-^  K  '  (e.g.  in  the  theory  we  discuss  here),  or  often 
|xC  cm-^  K  '  (e  g.  in  the  data  we  will  present  later).  The  pyroelec¬ 
tric  coefficient  is  a  polar  vector  (first  rank  polar  tensor).  Thus  the 
maximum  number  of  indeprendent  pyroelectric  coefficients  is  three 
(p,.  pj,  pj)  for  the  most  general  triclinic  pwint  group  1(C,). 
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The  effect  of  dc  bias  on  the  pyroelectric  voltage  will  be 
discussed.  The  dielectric  displacement  of  the  stress  free  ”un- 
clampjed”  crystal  takes  the  following  scalar  fomi: 


D  =  eE^-Fp*-^.  (5) 

where  E  is  the  dielectric  pen'nittivity.  the  biasing  field,  and  P’^  e 
the  pKilarization  vector  under  constant  stress  and  field.  Differentiat¬ 
ing  with  respject  to  temperature  yields. 


(9D/0T)  =  p’  =  (dE/8T)  E^  +  (dP/flTl 
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Symmetry  Requirements 

Two  conditions  must  exist  for  the  crystal  proint  group  to  be 
pyroelectric:  the  absence  of  the  inversion  operation  and  the  exist¬ 
ence  of  a  unique  polar  axis.  A  unique  polar  axis  is  an  axis  of 
symmetry  for  which  the  two  ends  are  not  related  by  any  of  the 
symmetry  operations  of  the  point  group.  Both  conditions  are 
necessary.  The  first  condition  nulls  pyroelectricity  in  the  1 1  cen- 
trosymmetric  (Laue)  groups,  whereas  the  second  (uniqueness  of 
the  polar  axis)  limits  it  only  to  the  following  pioint  groups:  1(C,), 
2(C2),  3(C3).  4(C4),  6(Cs).  m(C,).  mm2(C2,).  3m(C3,),  4mm(C4,), 
and  6mm(Q,).  These  are  known  as  the  10  px>Iar  groups.  In  addi- 


According  to  equation  6,  the  total  pyroelectric  coefficient  p'  con¬ 
sists  of  a  dielectric  contribution  (the  first  term  on  the  right  hand 
side)  and  a  spontaneous  polarization  contribution  (the  second 
term).  More  rigorously,  the  dielectric  contribution  in  equation  6 
should  be  written  as  a  field  integral  to  account  for  dielectric  non- 
linearities.  'fhe  signal  voltage  AV  is  given  by: 

AV  =  AQ/Cx  =  p'  A  AT/Cx  .  ( 7 ) 

where  Q  is  the  charge  generated,  A  the  electrode  area  and  Cx  the 
crystal’s  capacitance.  Substituting  forp'  from  equation  6  in  equa¬ 
tion  7,  noting  that  Cx  =  EA/a  and  =  a  E^.  where  a  is  the  thick¬ 
ness  of  the  Dvroelectric  element; 
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AV  =  e  '  Ilde/dT*  +  a  (dP/c)T)|  AT 


(8) 


I  hvi'iiial  IK'ttclion 


The  fust  tenn  in  equation  8  is  the  dielectric  contribution  (bolome¬ 
ter  mode)  and  the  second  term  is  the  spontaneous  polarization 
conmbution  (pyroelectric  mode).  It  must  be  noted  that  AV  is  not 
linear  in  bias  because  of  the  non-linearities  of  £.  Similarly,  the 
dielectric  and  thermal  properttes  of  the  crystal  are  also  functions  of 
the  elastic  and  electric  boundaries 


Measurements 

The  siunple  is  usually  prepared  in  the  fonn  of  a  metallized 
plate  w  ith  the  surfaces  perjrendicular  to  the  polar  axis  (Figure  I ). 
Most  pyroelectric  measurements  are  made  under  constant  stress 
(/  <’  AX, I  =  0)  in  which  the  sample  is  allowed  to  expand  freely.  It 
is  convenient  to  measure  the  pyroelectric  current  or  voltage  in  a 
manner  that  is  independent  of  the  sample's  impedance,  especially 
neiu  the  phase  transition  where  the  impedance  may  vary  rapidly.  It 
is  also  important  to  keep  the  pyroelectric  voltage  AV  small  such 
that  non-linearities  in  polarization  do  not  become  significant  ( 14). 
This  is  achieved  by  measuring  the  pyroelectric  current  under  short 
circuit  conditions  (i  e  at  constant  field). 


Figure  1 .  Equivalent  circuit  of  a  pyroelectric  crystal. 


There  are  two  commonly  used  methods  (14|  to  measure  the 
pyroelectric  coefficient:  a)  measurement  of  the  pyroelectric  cur¬ 
rent  or  b)  measurement  of  the  pyroelectric  voltage  (charge  integra¬ 
tion  by  a  capacitor  or  atnplifier).  By  heating  the  crystal  at  a  con¬ 
stant  heating  rate  usually  1  or  2  “C/niin  and  measuring  the  py¬ 
roelectric  current  [35|,  the  pyroelectric  coefficient  can  be  calculat¬ 
ed  from  equation  2  according  to  I  =  -  A  p  (dT/dt).  Alternatively, 
by  measuring  the  pyroelectric  voltage  AV,  the  pyroelectric  coeffi¬ 
cient  can  be  calculated  from  equation  7  according  to:  AV  = 
p'AAT/  (Cx  +  C,),  where  C,  is  the  shunt  capacitor,  usually  selected 
»  Cx.  such  that  Cx  can  be  ignored.  Substituting  for  Cx  =  tA/a  in 
equation  7  and  rewriting  in  a  differential  form  we  ob'  n; 

dE/dT  =  p7e,  (9) 

I  f  ,  the  change  of  the  output  voltage  per  unit  thickness  (field)  of 
the  crystal  per  unit  temperature  change  is  equal  to  the  ratio  of  the 
pyroelectric  coefficient  to  the  dielectric  permittivity.  Chopped 
radiation  and  other  methods  for  measuring  p  are  listed  in  [34|. 

The  pyroelectric  material  figures  of  merit  which  describe 
the  current  F,.  voltage  F,,  and  signal  to  noise  Fj  are  obtained  from 
equation  9  as  follows:  F,  =  p7c',  F,  =  p'/c'e,  and  Fj  = 
p7c'(e  tan  where  c'  is  the  heat  capacity  per  unit  volume,  and 
tan  5  is  the  dissipation  factor.  In  ferroelectric  detectors  such  as 
barium  strontium  titanate  (BST),  the  pyroelectric  and  the  dielectric 
properties  are  strong  functions  of  temperature  near  the  phase  tra 
sition  temperature  T,..  A  technique  which  we  found  patlicularly 
useful  for  detemiining  the  figures  of  merit  without  having  to  rely 
upon  two  separate  dielectric  and  pyroelectric  measurements  is 
discussed  in  [36].  This  allows  the  simultaneous  measurements  of 
the  pyroelectric  and  dielectric  properties,  thereby  determining  the 
appropriate  figures  of  merit  from  one  temperature  scan. 


The  pyroelectric  element  can  be  leple^enled  bs  a  curient 
source  A  p  (dT/dt)  driving  a  parallel  elemeiil  load  impedance  as 
show'tt  in  Figure  1  Let  C,  and  R,  be  the  capaciiancc  and  resistance 
of  the  pyroelectric  element,  and  R;  and  C,  be  the  load  lesistance 
and  capacitance  (e  g  of  the  preamplifier)  Thus,  the  parallel 
element  -  load  capacitance  C,:  and  resistance  R^  are:  C,  =  C',-r  C, , 
Rj;  I  =  G(.  =  k,  '  +  Ri  '■  where  Gj.  is  the  electiical  conductance 
The  admittance  of  the  circuit  is  Y  =  Gj,  +  i  ou  C|. 

According  to  Cooper  [37 ],  if  the  detector  therinal  ca 
pacilance  is  H  and  is  connected  by  a  thermal  conductance  G,  to  a 
heat  sink,  and  the  mcident  power  is  W,  the  heal  balance  equation 
is: 

T1  W  =  H  (dT/dt) +  G,T,  (10) 

where  t]  is  the  fraction  of  incident  power  absorbed  by  the  detector, 
and  T  is  the  temperature  difference  betw  een  the  detectoi  and  the 
heal  smk.  A  sinusoidally  modulated  incident  radiation  can  be  ex¬ 


pressed  by  W  =  e'  thus  equation  10  has  a  solution. 

T  =  r|W/(G| -)■  iwH).  (11) 

The  pyroelectric  current  1  and  voltage  V„  aie  given  by  : 

1  =  p  A  (dT/dt)  =  /  qto  pAW/iG,  -r  iioH ),  (12) 

V„  =  1/Y  =  (/rito  pAW  )/(G ,  +  /o)H )(( q;  +  (to  C,.- )  (13) 

The  current  responsivity  R,  is  defined  as  the  pyroelectric  current 
per  unit  incident  power, 

R.=  I  lAV  I  =  ntupAAGT*  +  IU-H7'/- .  (14) 

similarly,  the  voltage  responsivity  R,  is, 

R,  =  I  lA/W  I 

=  qto  pA/l  Gt^Gp;(  1  +  (O^T,  7  ''*(  1  +  to^Ti.- )  ''*  1 ,  ( 1  .“i ) 


where  Xy  (=  H/G  p)  and  (=  Cp/G,.  )  are  the  thermal  and  electrical 
time  constants  respectively.  The  voltage  responsivity  has  a  maxi¬ 
mum  R^  (max)  at  a  frequency  to  =  (TiT,.)  given  by: 

R,(max)  =  ri  pA/GtG,.(Tt  -i-  x^).  (16) 

The  frequency  response  of  R,  is  depicied  in  Figure  2.  The 
thermal  relaxation  frequency  has  been  arbitiarih  taken  smaller 
than  the  electrical  relaxation  frequency.  It  can  be  show  n  that  in  the 
region  Founded  by  the  thermal  and  the  electrical  relaxation  fre¬ 
quencies  the  voltage  responsivity  is  flat  within  3  dB  of  R,(max). 


V’ 

logco 


Figure  2.  Frequency  dependence  of  voltage  responsivity  R,  |18j. 
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The  current  responsivity  R,,  howrver,  reaches  a  steady  state 
value  (=  T|  p/>/2  c'a)  at  the  thennal  relaxation  frequency.  For  fre¬ 
quencies  below  the  thermal  relaxation  frequency,  Rv  is  proponion- 
al  to  (0.  At  frequencies  above  the  thermal  and  electrical  relaxation 
frequencies,  i.e.  l/Xj  «  (o  »  l/tg,  R,  takes  the  form: 

R,  =  Tip/a(Oc'(C, +  Cl).  (17) 

The  thermal  design  of  the  detector  is  quite  important. 
According  to  equations  16  and  17,  R^  can  be  increased  by  decreas¬ 
ing  the  thermal  conductance  G-i-.  This  could  be  achieved  by  i) 
thermal  insulation  and/or  ii)  using  thinner  detectors.  The  preampli¬ 
fier  characteristics  determine  the  detector  material  figures  of  merit. 
For  example,  if  Q  «  C,  in  equation  17,  where  C,  =  eA/a,  then: 

Rv  =  np/A(oc'e,  (18) 

and  F,  =  p/c'e  may  be  taken  as  a  figure  of  merit.  On  the  other  hand 
if  Cl»  C,,  then  F;  =  p/c'  is  the  app’  ipriate  figure  of  merit. 

Pyroelectric  Materials 

A  variety  of  ferroelectrics  have  been  explored  for  thermal 
imaging  applications.  Some  of  the  more  important  materials  are 
listed  in  Table  I.  It  is  seen  that  the  majority  are  perovskites  such  as 
PZT,  BST,  and  PScT.  Their  high  polarizability  yields  large  spon¬ 
taneous  polarization  and  high  dielectric  permittivity  (therefore  high 
induced  polarization).  Although  not  a  necessary  condition  for  a 
strong  pyroelectric  effect,  a  high  polarization  is  desirable  since  it 
often  facilitates  a  substantial  change  with  temperature,  particularly 
in  the  neighborhood  of  the  Curie  point.  A  high  dielectric  constant 
is  also  useful  in  many  imaging  applications  where  small  pixel 
dimensions  constrain  the  impedance  match  with  the  preamplifier. 

Table  1.  Description  of  Materials  for  Pyroelectric  Imaging 


Acronym 

Name 

Formula 

TGS 

Triglycine  sulfate 

(NHjCHjCCXJHljHjSO,, 

DTGS 

Deuterated  TGS 

(NDjCDjCCXJDljDjSO^ 

ATGSAs 

Alanine-t-As-doped  TGS 

(NHjCHjCOOHljHjSO^: 

NHjCHjCn3C00H;H3As04 

DTGFB 

Deuterated  triglycine 
fluoberyllate 

(NDjCDjCOODljDjBeF^ 

KTN 

Potassium  tantalate  niobate 

KTa,.,Nb,03 

BST 

Barium  strontium  titanate 

Bai.SrJiOj 

BSCT 

Barium  strontium  calcium 
titanate 

Ba,.,.3Sr.CayTiO, 

SBN 

Strontium  barium  niobate 

^*^0  5®  A)  5^2^6 

PT 

Lead  titanate 

PbTiO, 

PCT 

Lead  calcium  titanate 

Pbi.^CaJiG, 

PLT 

Lead  lanthanum  titanate 

Pbi-jviLaJiO, 

PLZT 

Lead  lanthanum  zirconate 
titanate 

l*l’i-«l-a,(Zr|,3Ti3)| 

PZT 

Lead  zirconate  titanate 

PbZr,..Ti,03 

PZFNTU 

Modified  PZT 

PbZr„  jgFeg  j  Nbg  2Tig  0303:0 

PSZFNTU 

Sr-doped  modified  PZT 

^l’i-»^t,Zro3i|Feo2Nbo2Tio  0303:0 

PScT 

Lead  scandium  tantalate 

PbSCj^Taj^Oj 

PMN 

Lead  magnesium  niobate 

PbMg,„Nb22303 

PZN 

Lead  zinc  niobate 

PbZni^NbjflO, 

PZNT 

PZT-PZN  solid  solution 

^I’Zr  1  .,.yZn,03Nb2323Ti3O3 

PCoW 

Lead  cobalt  mngstate 

PbCO„2W„30l 

PGO 

Lead  germanate 

PbjGejOii 

PVDF 

Polyvinylidene  fluoride 

(CH2-CF2)„ 

Table  11  compares  the  performance  of  a  variety  of  conven¬ 
tional  pyroelectrics,  i.e.  poled  detectors  operating  without  bias  well 
below  the  Curie  point.  In  most  cases  these  values  represent  typical 
properties  reported.  Significant  variation  can  be  expected  as  a 
function  of  differences  in  processing.  The  best  responsivity  (i.e 
Fj,  the  detector  material  noise  limited  figure  of  merit )  among  the 
single  crystals  is  displayed  by  alanine/arsenic-doped  TGS  [38-39] 
and  Ba-doped  lead  germanate  [39].  However,  doped  ciystals  are 
difficult  to  grow  reproducibly,  and  TGS  is  sensitive  to  moisture. 
Therefore,  attention  has  been  given  to  ceramics,  since  they  tend  to 
be  more  durable,  and  complex  compositions  can  be  more  consist¬ 
ently  manufactured. 

The  PZT  family  has  been  extensively  studied,  and  good 
responsivity  has  been  observed  in  several  compositions  [12,16,23, 
40].  Considerable  effort  with  PZFNTU  (a  doped  solid  solution 
containing  40  mole%  PbFe,y,Nb,^;,0,  (sometimes  referred  to  as 
"modified  PZT")  has  led  to  the  development  of  an  uncooled  10-14 
pm  camera  with  a  hybrid  detector  having  moderately  good  perfor¬ 
mance:  100x100  pixels,  NETD  =  0.25  "K  [26]. 

Thin  films  of  lead  titanate  [28]  and  lead  lanthanum  titanate 
[44]  have  been  produced  with  properties  very  similar  to  the  best 
ceramic  PZT  solid  solutions.  Combined  with  surface  micro¬ 
machining  to  provide  adequate  themial  isolation  of  the  pixels,  thin 
films  promise  better  performance  and  simpler  processing.  Ceram¬ 
ics  for  hybrid  detectors  must  be  thinned,  polished,  reticulated  and 
metallized,  and  an  array  of  themially  isolated  pixels  bonded  to  the 
Si.  Tens  of  thousands  of  pixels  must  precisely  align  with  the 
respective  circuit  elements  on  the  1C. 

The  technology  of  producing  monolithic  IR  detectors  using 
ferroelectric  thin  films  is  just  beginning.  Several  potential  im¬ 
pediments  must  be  overcome  in  order  to  be  successful,  including 
the  development  of  adequate  control  of  film  chemistry,  morpholo¬ 
gy  and  electrical  performance,  without  deleterious  reaction  with 
the  silicon.  Ultimately,  this  must  be  demonstrated  in  a  process  that 
is  amenable  to  volume  manufacturing  on  a  consistent  basis. 

Since  conventional  ceramic  and  thin  film  pyroelectrics  are 
inferior  to  single  crystals,  it  has  been  of  interest  to  consider  phase 
transition  materials  that  operate  near  T^  (or  T,)  under  dc  bias. 
These  detectors  are  often  referred  to  as  "dielectric  bolometers," 
since  the  induced  polarization  (either  below  or  above  T^,)  can 
dominate  the  pyroelectric  response  [3d].  It  is  also  conceivable  to 
operate  in  this  mode  without  bias  if  the  polarization  direction  can 
be  established  by  preferred  orientation.  in  an  epitaxial  film. 
However,  most  device  work  to  date  has  taken  the  fomier  route. 

Table  III  compares  materials  that  have  been  studied  for 
application  in  the  phase  transition  region.  Values  of  Fj  appear 
greatly  superior  to  normal  pyroelectrics,  as  one  would  expect.  The 
very  high  responsivity  promised  by  KTN  appears  unattainable  on  a 
reliable  basis,  however,  because  of  the  extreme  difficulty  in  obtain¬ 
ing  consistent  and  uniform  chemistry  [54].  The  preponderance  of 
the  effort  has  been  devoted  to  PScT  and  BST  [25,39].  The  rhom- 
bohedral-rhombohedral  transition  in  PZT  and  the  rhombohedral- 
tetragonal  transition  in  PZN  have  also  attracted  attention,  with 
efforts  to  enhance  the  maximum  pyroelectric  coefficient  by  means 
of  compositional  adjustment  [50-52]. 

It  should  be  mentioned  that  the  measurements  given  in 
Table  HI  ha"e  been  largely  obtained  by  the  Byer-Roundy  [35]  or  a  ' 
related,  quasi-static  method.  For  transition  materials,  it  may  be 
more  appropriate  to  characterize  them  dynamically  using  chopped 
black  body  radiation  (Chynoweth  method  [55]),  since  this  more 
closely  represents  the  actual  condition  of  application.  Well  below 


Table  II.  Normal  Pyroelectrics  (T  <  T^) 


Bias 

Material  kV/cm 

T. 

«c 

c'  p 

J/cm^K  pC/cm2K 

e, 

tan  5 

F. 

cm^/C 

Fa 

(cm’/J)‘^ 

Reference 

Single  crystals 

TGS 

0 

49 

2.3 

0.028 

38 

0.01 

3620 

0.066 

Herbert  [16] 

DTGS 

0 

60 

2.4 

0.055 

43 

0.02 

6020 

0.083 

Whatmore  (Felix)  [25] 

ATGSAs 

0 

51 

2.5 

C.07 

32 

0.008 

9900 

0.19 

BhaUa  [38] 

LiTaO, 

0 

665 

3.2 

0.18 

43 

0.003 

1440 

0.051 

Byer  [35] 

LiNbO, 

0 

1210 

3.0 

0.083 

28 

0.005 

1140 

0.025 

Byer  [35] 

SBN  46/54 

0 

132 

2.1 

0.043 

380 

0.003 

610 

0.065 

Byer  [35] 

PGOiBa 

0 

70 

2.0 

0.032 

81 

0.001 

2200 

0.19 

Whatmore  (Wanon)  [39] 

Ceramics 

PLZT  7/65/35 

0 

150 

2.6 

0.13 

1900 

0.015 

300 

0.032 

Liu  [41] 

PLZT  8/65/35 

0 

105 

2.6 

0.18 

4000 

0.003 

190 

0.066 

Deb  [42] 

PZNFTU 

0 

230 

2.7 

0.039 

290 

0.0031 

570 

0.052 

Osbond  [23] 

PSZNFTU 

0 

170 

2.7 

0.049 

400 

0.0028 

520 

0.058 

Osbond  [23] 

PGO 

0 

178 

2.6 

0.002 

25 

0.003 

350 

0.009 

Kanduser  [43] 

Polymeries 

PVDF 

0 

none 

2.4 

0.0027 

12 

0.015 

1040 

0  009 

Whatmore  [39] 

Thin  films 

PbTiOj  sol-gel 

0 

490 

2.9 

0.095 

200 

0.02 

1870 

0.056 

Polla  [28] 

PLT  90/10  sputtered 

0 

330 

3.2 

0.065 

200 

0.006 

1150 

0.062 

Takayama  [44] 

PCT  70/30  sputtered 

0 

270 

3.3 

0.05 

390 

0.015 

440 

0.021 

Yamaka  [45] 

PZT  54/46  sol-gel 

0 

380 

3.1 

0.07 

950 

0.016 

260 

0.019 

Ye  [28] 

Table  III.  Phase  Transition  Materials  (T  s  T,  ,£,) 

Bias 

T. 

c' 

P'max 

tan  5 

Fv 

Fa 

Material  kV/cm 

«C 

J/cm-’K  pC/cm-K 

cmVC 

(cm^/J)'® 

Reference 

Single  crystals 

DTGFB 

0 

74 

2.0 

1.4 

2400 

0.02 

3300 

0.34 

Dougherty  [36] 

KTN  67/33 

2.5 

4 

3.7 

8.0 

25000 

0.002 

1000 

0.46 

Stafsudd  [46] 

BST  65/35 

5 

5 

2.5 

0.3 

20000 

0.007 

170 

0.034 

Whatmore  [39] 

Ceramics 

BST  67/33 

1 

21 

3.2 

23.0 

31000 

0.028 

2700 

0.84 

This  work 

BST  67/33 

2 

22 

3.2 

6.3 

33000 

0.021 

670 

0.25 

This  work 

BST  67/33 

6 

24 

3.2 

0.70 

8800 

0.004 

280 

0.12 

This  work 

BST  65/35 

40 

29 

2.5 

0.10 

1200 

0.0013 

380 

0.11 

Whatmore  [39] 

PMN:La 

90 

40 

3.0 

0.085 

1200 

0.0008 

800 

0.10 

Whatmore  [39] 

PScT 

53 

40 

2.7 

0.38 

2900 

0.0027 

550 

0.17 

Shorrocks  [47] 

PZT  94/6‘ 

0 

50 

2.6 

0.37 

300 

002 

5300 

0.19 

Lian  [48] 

PZNT  90/8/2* 

0 

30 

2.6 

0.185 

290 

0.019 

2800 

0.10 

Takenaka  [49] 

PCT  70/30;  PCoW  96/4 

0 

106 

3.3 

3.0 

7400 

0.037 

1380 

0.18 

Deb  [52] 

PLZT  8/60/40  (sic) 

0 

142 

3.7 

3.2 

16200 

0.062 

600 

0.092 

Deb  [50] 

PZN/BT/PT  80/10/10** 

0 

12 

2.7 

5.93 

4670 

0.01 

5310 

1.08 

Deb  [51] 

PZN/BT/PT  80/10/10 

0 

85 

2.7 

2.9 

18300 

0.018 

660 

0.20 

Deb  [51] 

Thin  films 

PScT  sputtered 

40 

40 

2.7 

0.52 

6000 

0.012 

360 

0.076 

Watton  [24] 

PScT  sol-gel 

— 

40 

2.7 

0.30 

7000 

0.002 

180 

0.10 

Shorrocks  [20] 

PScT  MOeVD 

20 

40 

2.7 

0.08 

1000 

0.002 

330 

0.07 

Ainger  [53] 

KTN  metalorganic 

30 

40 

3.7 

20.0 

1200 

0.01 

50000 

5.0 

Schubring  [54]  "pumped" 

*  rhombohedral-rhombohedral  phase  transition 
’*  rhombohedral -tetragonal  phase  transition 
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both  methods  yield  the  same  values,  but  in  the  transition  region, 
thermal  hysteresis,  differences  m  domain  wall  motion,  or  other 
factors  can  lead  to  deviations.  Byer-Roundy  measurements  are 
performed  at  constant  dT/dt,  whereas  black  body  measurements 
are  nearly  isothermal.  It  has  been  our  observation  for  BST  (Table 
111  and  Figure  4)  that  the  static  Fj  decreases  with  increasing  dc 
bias,  but  the  dynamic  responsivity  increases  (Figure  5)  Both 
measurements  tend  to  saturate  at  similar  levels  for  sufficiently  high 
bias.  It  is  not  clear  whether  this  is  true  for  all  materials,  although 
P,ScT  appears  to  behave  sunilarly  [57).  The  data  presented  should 
therefore  be  viewed  cautiously. 

l.ead  scandium  tantalate  has  been  extensively  studied  both 
m  bulk  ceramic  fonn  [47  j  and  as  thin  films  made  by  sol-gel  [20|, 
MOCVD  [54[  and  sputtering  [24[  processes.  At  bias  levels  ca  40 
kV/cm,  PScT  appears  to  be  an  excellent  candidate,  and  pm-thick 
films  have  been  prepared  with  F,j  approximately  bOTf  of  the  bulk 
ceramic  value  Strong  pyroelectricity  associated  with  the  low  tem¬ 
perature  transitions  of  PZT  [48-40|  and  PZN  [50-521  has  also  been 
explored.  Behavior  of  these  materials  under  dc  bias  or  in  applica¬ 
tions  has  not  yet  been  reported. 


Figure  .7.  Dielectric  constant  (a)  and  loss  tangent  (b)  for  BST. 


Barium  .Strontium  Titanate 

An  initial  comparison  of  BST,  PMN  and  PScT  [  .59]  demon¬ 
strated  slightly  superior  values  of  Fj  for  lead  scandium  tantalate 
BST  also  turns  out  to  have  relatively  gorxi  responsivity  under  bias, 
however,  and  we  have  devoted  significant  effort  to  producing 
ceramics  with  acceptable  properties  for  utilization  in  infrared 
imagmg  applications.  Some  of  our  results  w  ill  be  discussed  here 

Typical  dielectric  constant  and  loss  tangent,  measured  at  1 
kHz  with  a  50  mV  oscillator  level,  for  99Vf  dense  BST  w  ith  a 
Curie  pouit  of  21  “C  are  displayed  in  Figure  3  as  a  function  of  bias 
field  and  temperature.  The  test  capacitors  were  thinned  to  approx¬ 
imately  250  pm,  polished  to  1  pm  surface  finish  w  ith  alumina 
powder  and  contacted  with  thick  fdm  Ag-Pd  fired  at  750  "C  Good 
dielectric  slope  and  low  loss  tangent  up  to  14  kV/cm  suggest  that 
reasonable  pyroelectric  responsivity  might  be  expected 

Simultaneous  Byer-Roundy  pyroelectric  curiem/diclectnc 
property  measurements  yielded  the  values  of  F,  and  F^  that  are 
presented  in  Figure  4.  In  both  cases  the  figures  of  merit  are  domi¬ 
nated  by  the  pyroelectric  coefficient.  They  appear  high  at  low  bias 
and  decrea.se  (to  around  350  cm-/C  for  F, ).  saturating  at  4  kV/cm 
or  so.  Fj  compares  favorably  with  the  values  that  have  been  re¬ 
ported  for  PScT 

The  comparable  dynamic  measurements  are  displayed  in 
Figure  5.  It  may  be  seen  that  voltage  responsivity  is  initially  low, 
but  increases  with  applied  voltage  and  levels  off  at  approximately 
the  same  figure  of  merit  that  is  measured  quasi-statically  at  high 
bias.  Hybrid  detectors  and  imaging  systems  built  from  them  have 
been  described  by  Hanson,  ei  a!  [56[  The  balance  of  this  paper  is 
adapted  from  the  latter  work 


Array  Fabrication  and  Implementation 

The  process  of  manufacturing  an  uncooled  focal  plane 
array  (LIFPA)  begins  w  ith  a  stoichiometric  boule  of  BST  doped, 
compacted  and  sintered  to  optimize  the  microstructure  and.  the 
electrical  properties  Slicing  a  boule  yields  UFPA-sized  wafers 
that  are  ground  and  polished.  After  laser  reticulation,  the  w  afers 
are  etched  to  remove  the  slag,  ;md  subsequently  annealed  in  G,  to 
restore  stoichiometry  of  the  surface  The  reticulated  pixels  are  on 
48.5  pm  centers,  and  the  kerf  is  approximately  10  pm.  Deposition 
of  a  parylene  backfill,  replanarization  of  the  reticulated  surface, 
and  application  of  a  common  electrode  and  resonant -cavity  IR 
absorber  finishes  the  processing  of  the  IR-sensitive  side  of  the 
ferroelectric  material.  The  IR  absorber  provides  better  than  9077 
average  absorption  over  the  7.5  to  13.0  pm  spectral  region. 
Mount'uig  the  slice  to  a  carrier,  optical-side  down,  facilitates  final 
thinning  and  polishing.  The  finished  device  is  about  25  pm  thick 
Application  of  contact  metal  and  removal  of  the  parylene  backfill 
completes  the  pixel  array  in  preparation  for  hybridization 
Meanwhile,  fabrication  of  miniature  organic  mesas  (with  ovei-the- 
edge  metallization)  on  the  readout  IC  provides  the  mating  part. 
Mating  of  the  two  parts  by  compression  bonding  prepares  them  for 
packaging  and  final  test.  The  finished  device  is  an  array  of 
245  X  328  pixels. 

The  readout  1C  is  a  CMOS  device  fabricated  using  a  pro¬ 
cess  capable  of  0.8  pm  design  mies.  The  unit  cell  contains  a  high- 
pass  filter,  a  gain  stage,  a  tunable  low-pass  filter,  a  buffer,  and  an 
address  switch.  The  high-pass  filter  consists  of  the  capacitance  of 
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Figure  4.  Byer-Routuly  Figures  of  Merit  F,  (a)  and  F^  (b)  for  BST. 
Tlie  poling  voltage  is  the  same  as  the  biasing  voltage. 


Figure  5.  Ma.Timum  black  body  (490  "C)  response  of  a  50  pm 
thick  sample  of  BST  at  a  chopper  frequency  of  40  Hz. 
The  poling  voltage  is  the  same  as  the  biasing  voltage. 


the  detector  itself  and  a  feedback  resistor  fabricated  by  deposition 
of  a  high  sheet  resistance  material.  The  feedback  resistance  is 
between  lO"  and  lO'"  U  w'hich.  when  attenuated  by  the  Miller  ef¬ 
fect  for  iui  open-loop  preamplifier  gain  of  200,  gives  a  characteris¬ 
tic  frequency  of  about  10  Hz  for  the  high-pass  filter.  The  pream¬ 
plifier  is  a  simple  CMOS  inverter.  The  low-pass  filter  resistance  is 
actually  a  diode  whose  effective  impedance  is  controlled  by  an  in¬ 


cell  current  source  An  off  ship  v ullage  determines  the  current 
level  and  hence  the  resistatice,  and  so  the  filter  is  tunable  The 
high-pass  capacitor  is  actually  the  gate  of  an  MOS  traisistor  biased 
to  accumulation  The  unity-gam  output  buffer  provides  the  ability 
to  drive  the  relatively  high  capaciiaice  load  of  the  colunui  adihess 
lines  and  citlumn  amplifiers 

The  array  iinplemenlation  of  ihe  unit  cells  (F'gure  6i  is 
standard.  A  row-address  shift  register  addresses  each  row  sequen¬ 
tially.  The  addressed  row  is  activated  by  turning  on  all  the  unit- 
cell  switches  in  that  row  This  connects  the  pixel  buffer  outputs  m 
that  row  to  column-address  lines  At  the  end  of  the  column-ad¬ 
dress  lines  are  amplifiers,  one  for  each  column,  having  a  gam  ot 
1 .8.  The  outputs  of  the  amplifiers  feed  a  multiplexer  that  provides 
sequential  external  access  to  the  outputs  Thus  the  array  output  is 
compatible  with  standard  television  formatting  The  array  mounts 
onto  a  single-stage  themioelectric  cooler  for  stabilization  near  the 
ferroelectric  phase  transition  The  ceramic  DIP  array  package 
measures  25  mm  x  24  nun  x  b  nun  thick,  and  has  40  pins.  An  anti¬ 
reflection  coated  germanium  window  covers  the  packages  and 
allows  IR  transmission  m  the  7  5  to  15  pm  spectral  band 

Any  real  device  implementation  includes  circuit  elements 
that  introduce  parasitic  capacitance  This  results  m  a  responsivity 
attenuation  factor  of 

A,  =  Q/(C,-rCp).  (19) 

where  Cj  is  the  detector  capacitance  and  C^,  is  the  parasitic  ca¬ 
pacitance  For  this  reason  it  is  desirable  to  select  as  the  pyroelec¬ 
tric  material  one  having  a  permittivity  sufficiently  high  that  the 
factor  A,  does  not  significantly  degrade  responsivity  Because  the 
application  of  an  electric  field  suppresses  the  permittivity  and 
therefore  Cj.  the  field  has  the  added  effect  of  decreasing  A,  as  the 
applied  field  increases.  This  effect  is  especially  important  when  the 
parasitic  capacitance  is  high,  such  as  for  area  arrays  addressed  by 
only  a  switch  at  each  pixel  site.  It  is  less  important  if  the  readout 
IC  contains  a  preamplifier  or  buffer  at  each  pixel,  thereby  reducing 
line  length  and  parasitic  capacitance.  If  the  parasitic  capacitance 
appears  mainly  as  a  feedback  capacitance  in  the  preamplifier,  then 
the  A,  tenn  is  less  relevant  because  it  multiplies  the  preamplifier 
noise  as  well.  A  readout  IC  has  been  implemented  in  which  this 
latter  condition  prevails.  In  spite  of  this,  the  parasitic  capacilimce 
places  an  upper  limit  on  the  useful  magnitude  of  the  applied  field 


Video 

Output 


Figure  6.  Array  implementation  of  readout  IC  unit  cells  |561 
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(20) 


System  Operation 

Operation  of  our  uncooled  sensor  is  best  described  in  con¬ 
junction  with  the  system  block  diagram  in  Figure  7.  The  IR  lens, 
typically  / /l  .O  with  a  focal  length  of  about  100  mm,  forms  an  IR 
image  on  the  focal  plane  array.  The  chopper  periodically  interrupts 
the  optical  beam.  The  chopper  is  an  anti-reflection  coated  gemian- 
ium  wheel  (Figure  8)  with  alternating  planar  and  binary  diffractive 
optic  (BDO)  regions.  The  BDO  regions  diffuse  transmitted  IR 
radiation  so  that  the  entire  array  is  flooded  with  approximately  the 
scene-average  radiation  (actually,  local  scene  average,  because  the 
diffuser  is  not  perfectly  Lambertian).  The  planar  regions  faithfully 
transmit  the  image  to  the  array.  The  shape  of  the  chopper  pattern 
is  an  Archimedes’  spiral  designed  to  best  approximate  a  vertically- 
traveling  chopper.  The  "open"  phase  of  the  chopper  occurs  for  a 
given  pixel  when  that  pixel  receives  radiation  through  the  planar 
pan  of  the  chopper,  the  "closed"  phase  occurs  when  the  image  is 
diffused  by  the  BDO  pattern.  The  chopper  rotates  at  30  cycles  per 
second,  so  that  the  chop  rate  is  30  Hz  for  each  line. 

The  action  of  the  chopper  modulates  the  incident  radiation 
between  the  field-of-view  of  the  pixels  and  the  "scene  average." 
The  temperature  of  each  pixel  rises  and  falls  accordingly  and 
generates  a  signal  by  virtue  of  its  pyroelectric  response.  The 
readout  IC  filters,  amplifies,  samples  and  multiplexes  the  detector 
signals,  one  row  at  a  time,  and  delivers  the  output  at  standard 
RSI 70  rates.  The  samples  occur  immediately  prior  to  opening  the 
chopper  in  one  field  and  immediately  prior  to  closing  the  chopper 
in  the  next  field.  The  output  of  each  pixel  is  ac  coupled,  and  so, 
for  a  static  scene,  the  fields  are  identical  but  of  opposite  polarity. 
An  off-focal-plane  high-pass  filter  at  the  multiplexer  output 
removes  any  distracting  artifacts  that  may  result  from  temperature 
or  bias  drift.  After  a  gain  stage  of  between  2x  and  4x,  a  6-bit 
analog  offset  correction  removes  gross  offset  non-uniformities. 


Hc-oslf)  =  2  sin  (rtf/  2t; ) 

where  f  is  the  signal  frequency  and  f  is  the  chopping  frequency 
This  has  the  added  effect  of  totally  remov  ing  offset  non-unifonni- 
ties.  Prior  to  analog  conversion  and  RSI 70  fiinnatting,  a  gein 
word  multiplies  the  value  of  each  pixel  to  compensate  for  gain 
non-uniformities,  and  a  digital  addei  sets  ov  erall  brightness  The 
resulting  unage  is  unifomi  to  w  ithin  aboui  1  5‘r  The  data  is  then 
ready  for  display  and  viewing  on  eiitier  an  internal  or  external 
monitor.  An  example  of  an  infrared  unage  is  shown  in  Figure  V 


Figure  8.  Gemianium  chopper,  showing  refractive  design  (left) 
and  equivalent  diffractive  (BDO)  design  |56) 
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Figure  7.  System  block  diagram  (56J. 


At  this  point  in  the  processing  chain  an  external  contrast 
setting  determines  overall  gain.  As  the  system  converts  the  video 
field  to  8-bit  digital  data,  the  corresponding  pixel  data  stored  from 
the  previous  field  is  retrieved,  replaced  with  the  present  data,  and 
the  previous  data  is  subtracted  from  the  present  data.  Thus,  the  net 
output  is  the  difference  between  samples  taken  with  the  chopper 
open  and  with  the  chopper  closed.  On  alternate  fields  the  system 
changes  the  sign  of  the  result  to  maintain  consistent  polarity  from 
field  to  field.  This  field-differencing  operation  is  equivalent  to  that 
of  a  correlated  double  sampler  (CDS),  and  it  adds  a  filter  to  the 
signal  and  noise  data  path.  The  filter  transfer  function  is; 


System  Ferfbrm:ince 

These  systems  have  significantly  advanced  the  state  of  the 
art  in  sensitivity  and  resolution  of  small,  ligh'weight,  uncooled 
thermal  imaging  systems.  An  array-average  noise-equivalent  tem¬ 
perature  difference  (NETD)  of  ().()7()  *'C  w  ith  //1 .0  optics  has  been 
demonstrated.  This  number  improves  by  about  lO'/r  when  correct¬ 
ed  for  vignetting  of  the  test  optics.  Typical  devices  have  an  NETD 
of  about  0.08  ”C.  Design  and  fabrication  improvements  now' 
underway  should  improve  the  NETD  to  about  0  03  "C. 

Three  independent  noise  sources  combine  to  limit  the 
present  sensitivity.  These  are  temperature  fluctuation  noise,  dielec¬ 
tric  loss  noise,  and  preamplifier  noise,  in  order  of  descending 
magnitude  (although  there  is  not  much  difference  among  them). 
Other  noise  sources  are  negligible.  AH  three  noise  sources  are 
filtered  by  the  preamplifier  and  the  subsequent  field-differencing 
(or  CDS)  operation.  The  CDS  filter  is  especially  important  be¬ 
cause  it  strongly  attenuates  the  low-frequency  components  of 
dielectric-loss  noi.se  and  preamplifier  noise,  both  of  which  are  1/f 
in  nature.  Because  the  output  is  the  difference  between  signals 
from  two  fields,  any  noise  components  that  are  coherent  over  the 
field  time  interval  (e  g  .  low-frequency  noise)  are  suppressed. 

The  bandwidth  of  temperature-fluctuation  noise  is  naturally 
limited  by  the  detector  themial  time  constant,  but  the  electric  filters 
provide  further  attenuation.  The  effect  of  the  characteristic  fre¬ 
quencies  of  these  filters  on  the  signal  is  minimal.  In  fact,  the  CDS 
filter,  as  evident  from  equation  20.  doubles^the  signal  while  in¬ 
creasing  white  noise  by  a  factor  of  only  V2  and  decreasing  1/f 
noise.  Thus  it  improves  the  signal  to  noise  ratio  by  more  than  a 
factor  of  V2. 
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Figure  9.  Infrared  image  obtained  using  a  detector  with  NETD  = 
0.2  "K  md  //I  Coptics 


Tlie  modulation  transfer  function  (MTF)  for  these  UFPAs 
is  adequate,  but  design  modifications  will  provide  substantial  im¬ 
provement.  Presently,  the  system  MTF  at/„  is  about  25%,  includ¬ 
ing  all  factors.  This  is  limited  both  by  the  65.7%  integrated-aper¬ 
ture  limit  of  the  pixel  itself  and  by  tnermal  crosstalk  via  the  IR 
absorber.  Simple  experiments  with  the  optical  coating  have  shown 
improvement  to  40%.  Further  planned  impro  ements  should 
increase  the  overall  result  to  about  60%. 


Summary 

Recent  developments  in  pyroelectric  materials  have  been 
reviewed.  Transition  materials  such  as  BST  otfer  significant 
advantages,  compared  with  conventional  pyroelectrics.  Hybrid 
devices  utilizing  ferroelectric  detector  staring  arrays  are  poised  for 
commercial  deployment.  Research  to  develop  thin  film  devices 
with  a  significant  reduction  in  thermal  mass  (i.e.  response  time)  is 
proceeding.  Monolithic  structures  also  possess  a  potential  advan¬ 
tage  in  tenns  of  reduced  manufacturing  cost,  since  the  difficult 
hybridization  operation  would  not  be  required.  Thin  film  devices 
with  adequate  performance  for  television  quality  imaging  have  not 
yet  been  demonstrated. 

Uncooled  sensors,  once  relegated  to  specialty  applications, 
are  now  prepared  to  enter  the  mainstream  of  thermal  imaging 
applications.  Improvements  in  sensitivity  and  resolution  as  well  as 
in  weight,  size  and  power  have  resulted  in  a  technology  that  opens 
new  applications  for  thermal  imaging  a.-'d  offers  the  opportunity  to 
address  old  applications  with  a  new-found  flexibility.  Near-term 
improvements  in  UFPA  technology  will  expand  its  applicability  in 
the  marketplace. 
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Abstract 

Thin  films  of  several  compositions  within  the  PI./ F 
system  have  been  deposited  onto  sapphire,  MgO,  silicon  and  fused 
silica  substrates  using  sol-gel  and  dual  ion  beam  sputtenng  (DIBS) 
Using  a  standard  solution  preparation  route  films  of  composition 
PLZT  (O/.SO/.SO)  and  PLZT  (()/.l()/70)  were  spin  coated  onto 
electroded  substrates  and  fired  at  temperatures  up  to  7(K)“('.  In 
addition,  a  nuxlified  solution  gave  good  quality  perovskite  films  at 
450“C  after  only  2  minutes  firing  time  Pyuvelectric  coefficients  of 
UK)  and  4(X)  |iCm  -K  ’  and  figures  of  merit  l  ..‘)-2.2  x  l()  ‘'Pa  ‘’  '' 
were  obtained  for  the  t0/.70/70)  and  U)/5()/50)  compositions 
respectively.  The  DIBS  process  produced  good  quality  oriented 
perovskite  films  for  substrate  temperatures  in  the  range  .SSO-TIX)  C 
The  stoichiometry  was  controlled  by  sputtering  from  an  adjustable 
composite  metal/ceramic  target  and  by  bombarding  the  growing  film 
w  ith  a  low  energy  oxygen  ion  beam.  Transparent  films  of  the  cubic 
paraelectric  composition  PLZ.  T  (2S/()/UX)'  vere  found  to  have  a  high 
reflected-mode  quadratic  electro  optic  coefficient  of  2.1  x  10 
'*'m-/V-,  although  no  response  could  be  detected  in  a  transmission 
mode.  Films  of  the  tetragonal  ferroelectric  compositions  PLZ. !' 
(O/O/UX))  and  (7/()/l(X))  were  deposited  onto  electrcxied  substrates 
and  gave  pyroelectnc  ciK'fficients  in  the  range  5()-4(X)  pCm -K  ’ 
and  a  figure-of-ment  of  order  2.6  x  lO'^Pa  **  The  PLZ'f 
(28A)/1(X))  films  suffered  from  an  intnnstc  space  charging  effect  that 
limited  responsivity  whereas  the  ferroelectnc  compositions  suffered 
only  from  extrinsic  problems  such  as  electrode  blistering  and 
pinholing.  The  results  reported  here  are  encouraging  with  respect  to 
the  goal  of  fully  integrated  uncixiled  IR  detector  elements  on  silicon 
readout  circuitry. 

Introduction 

Ferroelectric  materials  such  as  lead  titanate,  lead 
zirconate  titanate  (PZT)  and  lead  scandium  tantalate  (P,ST)  are  useful 
for  a  wide  range  of  electronic  device  applications.  In  particular  the 
quanernary  solid  solution  of  PLZT  (x,  y,  z) 

Pb|.v2xLax(Z.ryTi/)0j  ( 1 1 

IS  a  well  known  ferroelectric  material  that  exhibits  piezoelectric, 
pyroelectric,  linear  and  quadratic  electro-optic  properties  depending 
on  the  composition  1 1 1.  The  direct  integration  of  these  materials  in 
thin  film  form  onto  semiconducting  substrates  would  yield 
significant  advantages  in  terms  of  increased  speed,  reduced  voltages 
and  enhanced  response.  Further,  circumventing  the  laborious 
procedures  of  bulk  ceramic  processing  and  the  cutting,  polishing 
and  assembly  of  delicate  ceramic  wafers  into  hybrid  electronic 
devices  would  be  a  cost  effective  step.  However,  the  high 
temperature  necessary  for  the  formation  of  the  ferroelectric 
perovskite  phase,  coupled  with  the  complex  stoichiometry  has  made 
this  a  difficult  goal  to  achieve.  At  present,  a  wide  variety  of  thin 
film  synthesis  techniques,  including  MOCVD,  sol-gel,  RF 
magnetron  and  ion  beam  sputtering,  and  la.ser  ablation  are  subject  to 
intensive  research  |2|.  This  activity  is  largely  due  to  the  interest  in 
non-volatile  radiation  hard  memories,  although  there  are  other 
important  applications  for  these  films  in  piezoelectric,  pyroelectric 
and  electro-optic  devices. 

At  Caswell,  there  is  an  established  and  ongoing  effort 
diiected  at  the  commercial  development  of  piezoelectric,  electro-optic 
and  pyroelectric  |3|  devices  based  on  bulk  ferroelectric  ceramic  and 
composite  components.  In  the  area  of  thin  films,  .sol-gel  141  and 
dual  ion  beam  sputtering  (DIBS)  tire  under  active  development.  In 
this  paper,  films  of  composition  Pl.ZT  (O/.SO/SO)  and  (()/.3()/70)  have 
been  deposited  by  sol-gel,  and  films  of  (0/0/1  (X))  (ie,  pure  lead 
titanate),  (7/0/100)  and  (28/0/100)  by  DIBS.  The  primary 
application  of  the  first  two  Pb-Zr-Ti-0  based  compositions  is  for 
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lerroelectnc  memories,  but  good  pyroelectric  propenies  have  also 
been  repiorted  |5|.  Of  the  Pb-La  T'i-()  based  materials,  (O/O/KX))  and 
(7/0/l(X))  have  been  reported  as  having  favourable  propenies  in  thin 
film  fonii  for  pyroelectric  detection  161  and  (28/()/l(X))  similarly  for 
applications  requiring  a  quadratic  electro-optic  response  |71  The 
absence  of  lanthanum  or  zirconate  from  these  compositions  eases  the 
problems  associated  with  stoichiometric  control  of  the  films 
panicularly  for  the  complex  DIBS  process.  In  addition,  the  pnme 
ferroelectric  memory  application  of  the  Pb-Zr-Ti-O  films  does  not 
benefit  greatly  from  lanthanum  doping. 

The  sol  gel  process  is  a  metal  organic  processing  route 
that  can  be  adapted  to  give  thin  films,  bulk  iminoliths  or  powders  by 
direct  precipitation.  Simplicity,  stoichiometric  control  and  low  cost 
are  the  pnmanly  advantages  of  the  technique.  Due  to  the  wide  range 
of  available  metallorganic  staning  materials,  it  is  relatively  easy  to 
vary  compositions  and  to  obiain  complex  oxide  materials  In  a 
previous  paper  14|.  the  application  of  sol-gel  to  the  fabrication  ot 
films  of  lead  scandium  tantalate  (PST)  and  lead  titanate  has  been 
desenbed.  This  paper  details  the  adaption  of  the  method  to  films  in 
the  Pb-Zr-Ti-O  system. 

Ion  and  multiple  ion  beam  deposition  techniques  have 
been  d'-monsaaied  to  produce  dense  films  with  enhanced  optical  and 
mechanical  properties  |8|.  The  primary  advantage  over  competing 
PVD  prixesses  lies  in  the  independent  control  that  can  be  exercised 
over  the  energy  and  flux  of  the  ions  used  for  both  sputtenng  of  the 
target  and  bombarding  of  the  depositing  film  In  conventional  RF’ 
sputtering,  and  indeed  the  more  complex  transient  laser  ablation 
methods,  little  direct  control  can  be  exercised  over  the  wide 
distribution  of  particle  energies  in  the  plasma,  which  militates 
against  controlled  bombardment  of  the  growing  film.  Controlled 
bombardment  has  been  shown  19)  to  increase  adatom  mobility 
providing  extra  energy  to  supplement  thennal  energy  and  reduce  the 
crystallisation  temperature.  The  isolation  of  the  plasma  in  the  ion 
gun  body  not  only  removes  a  source  of  uncontrolled  bombardment 
but  also  allows  a  lower  process  pressure  since  the  guns  act  as  gas 
baffles.  These  characteristics  result  in  a  high  degree  of  process 
control  and  flexibility  and  a  number  of  research  groups  are  now 
applying  ion  beam  techniques  to  ferroelectric  thin  film  fabrication 
|9-11|. 

Expcrimenial  Procedure 
DIBS  Deposition  System 

The  .Nordiko  .^T.K)  dual  ion  beam  sputtering  (DIBS) 
system  is  composed  of  a  cryo  and  turbomolecular  pumped  chamber, 
base  pressure  5  x  lO  ^^torr,  a  target  turret,  an  XIXl^C  rotating  heater 
platen  and  two  l(X)mm  diameter  ion  guns.  Figure  1.  Tlie  ion  gun 
plasmas  are  driven  by  RF  ( 1.3,56MHz)  and  represent  a  significant 
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Pyrorrieter 
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Figure  I  Schematic  diagram  of  Dual  Ion  Beam  SpuKering 
System. 
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step  forward  from  the  more  common  thermal  plasma  driven 
Kaufman-type  sources.  The  Rf  dnven  guns  obviate  the  need  for  a 
hot  filament  and  have  been  found  to  run  continuously  for  many 
hundreds  of  hours  in  pure  oxygen  without  attention.  In  addition, 
the  elimination  of  the  thermal  plasma  has  resulted  in  much  cooler 
operating  conditions  within  the  system  as  the  RF  plasmas  typically 
only  require  lOOW  input  power  to  sustain  the  discharge.  The 
chamber  is  also  fitted  with  two  filamentless  electron  sources  for 
beam  neutralisation  and  two  faraday  cups  for  the  measurement  of 
beam  current  density  A  two  colour  IR  fibre  pyrometer  allows 
accurate  measurement  of  the  substrate  surface  temperature. 

Generally,  a  high  energy  argon  or  krypton  ion  beam  in 
the  range  600-7(X)eV,  80-  100mA  and  beam  current  density  (BCD) 
l-.'imA/cm^  was  used  to  sputter  material  from  a  target  while  the 
substrate  was  immersed  in  a  pure  oxygen  ion  beam  of  O-lOOeV,  0- 
40mA  and  BCD  0-0.2mA/cm2.  More  energetic  ion  beams  were 
used  to  clean  the  target  and  substrate  prior  to  film  growth.  A 
neutralization  level  of  1 10%  of  the  ion  beam  current  ensured  stability 
during  the  deposition  of  electrically  insulating  films.  Deposition 
pressure  was  typically  lO^torr 


PLZT  Film  Deposition 


Figure  3  Schematic  of  target  ageing  effect. 


DIBS:  For  PLZT  deposition,  two  adjustable  composite 
target  types  have  been  developed  as  depicted  in  Figure  2.  In  the 
first,  pieces  of  titanium  metal  and  PLZT  ceramic  were  bolted  to  a 
copper  backing  plate  through  a  lead  sheet  using  high  purity  titanium 
bolts.  Two  problems  were  encountered  with  this  design  in  that  the 
metallic  lead  was  found  to  age  rapidly  making  consistent 
stoichiometric  control  difficult.  Figure  3,  and  that  high  energy 
neutrals  reflected  from  the  target  impinged  damagingly  on  the 
depositing  film.  To  overcome  this,  the  second  target  type.  Figure 
2(b),  composed  of  lead  oxide  secured  on  a  titanium  plate,  was 
developed  and  the  sputtering  gas  switched  from  argon  to  krypton. 
The  energy  of  krypton  neutrals  reflected  froiti  the  target  is  reduced 
since  the  atomic  weights  are  more  closely  matched  and  the  absence 
of  metallic  lead  eliminated  target  ageing  anomalies. 

Double  polished  fused  silica  and  (1102)  sapphire  were 
used  as  substrates  for  the  electro-optic  PLZf  composition.  Single 
polished  (100)  silicon,  (1102)  sapphire  and  (100)  MgO  with  an  e- 
beam  deposited  litanium/plaiinum  electrode  structure  of  thicknesses 
L‘i()A/2()00A  were  used  for  the  pyroelectric  films.  All  substrates 
were  cleaned  in  organic  solvents,  deionized  water  and  dry  nitrogen 
prior  to  use.  It  was  found  that  uniform  heating  of  the  substrate  was 
much  more  difficult  for  double  polished  .si'bstrates  than  for  single 
polished.  The  reasons  for  this  have  not  been  fully  determined  but  it 
seems  likely  that  the  good  IR  transmission  of  the  double  polished 
substrates,  or  the  difficulty  of  making  good  thermal  contact  onto  the 
heater  platen,  were  to  blame.  Also,  the  IR  pyrometer  revealed  a 
temperature  differential  of  order  1(X)°C  between  the  substrate  and  the 
platen,  indicating  poor  thermal  contact.  To  counter  this  substrates 
were  sealed  to  the  platen  by  thermally  evaporated  or  sputtered 
indium  and  lead  films.  Ultimately  it  was  found  that  the  films 
became  contaminated  by  an  alien  element  u.sed  for  sealing,  possibly 


due  to  the  combination  of  high  temperatures  and  sputienng  by  the 
secondary  ion  bombardment,  so  lead  constituted  an  ideal  choice. 
Careful  cleaning  of  the  heater  platen  ensured  that  the  lead  film  wetted 
the  platen  surface  at  high  temperatures.  Removal  of  the  lead  after 
deposition  was  achieved  by  masking  the  PLZT  film  and  immersitig 
in  a  mild  FICl/HF  acid  solution. 

Some  films  were  subsequently  annealed  under  varying 
conditions  to  induce  or  improve  the  perovskite  phase. 

Sol-Gel:  There  are  a  wide  variety  of  metal  compounds 
available  for  incorporation  into  the  initial  stock  solution.  Of  these, 
the  most  popular  are  the  metal  alkoxides  (M-OR),  where  R  =  alkyl 
group.  In  this  study,  titanium  n-butoxide  (TilOBu^ia)  and 
zirconium  n-butoxide  butanol  complex  were  chosen  along  w  ith  lead 
(II)  acetate  (Pb(02CCH3)2.3H20.  Before  reaction,  all  the  precursors 
were  tested  using  a  thenmogravimetric  analyser  to  determine  the 
oxide  yield.  A  typical  solution  was  then  prepared  according  to  the 
scheme; 


Pb(0;CCH,).3HjO 


t 


CHjCXHyCHjOH  (2  Melhoxyethanol) 

Dehydrale  al  124=0 

Coot 


PtKO^CCHjXOC^H^OCHj).  xHp 


where  t  =<0.5 


Zr<OBu")*.BuOH  - 


I - Ti(OBu")^ 

Heat  to  1 24''C.  remove  volatite  alKyi  acetates 
arxJ  cool,  concentrate  to  required  concentration 
PZT  Deposition  So/utroo 


(0  (li) 


Titanium  plate  Titanium  Disc 


Titan.ijm  Bolt PLZT  Titanium  Bolt  ’  LeadOxideor 

Cftamic  PLZT  Ceramic 


Figure  2  Typical  target  configurations  for  (i)  metallic  lead 
based  target  and  (ii)  lead  oxide  based  target. 


Using  this  basic  route,  solution  compositions  of  PLZT 
(O/SOZ-SO)  and  (0/30/70)  were  prepared.  Some  .solutions  were 
further  modified  by  adding  acetylacetone  in  2-methoxyethanol;  this 
influenced  the  solution  drying  characteristics.  Films  were  deposited 
by  spin  coating  at  2000rpm  for  30  seconds  onto  sapphire  substrates 
coated  with  a  titanium  (l(K)A)/platinum  (l.SfXlA)  electrode.  After 
one  or  two  layers  the  film  was  baked  for  two  minutes  on  a  hot  plate 
in  the  range  170-400°C  prior  to  the  deposition  of  further  layers. 
Ultimately,  the  entire  assembly  was  fired  at  450°C  on  a  hotplate  for 
two  minutes  or  at  7()0°C  in  a  tube  furnace  for  1  -2  hours. 

Results 

General  Structure  and  Composition  of  DIBS  Films 

Generally,  most  PVD  deposition  processes  produce 
amorphous  PLZT  films  up  to  4,‘iO°C,  the  pyrochlore  phase  between 
450-5(X)°C,  the  perovskite  phase  for  the  range  .‘tOO-WXl'T  and  the 
lead  deficient  films  above  65()°C;  in  the  .‘)()0-.‘i.‘)0°C  regime,  there 
exists  a  transitional  mixed  pyrochlore/perovskite  structure.  In  the 
present  study,  use  of  the  system  in  a  single  ion  beam  sputter  (IRS ) 
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mode  with  merely  molecular  oxygen  flowing  through  the  secondary 
ion  gun  could  not  produce  any  perovskite  material.  Up  to  5(X)°C  the 
films  remained  amorphous  and  beyond  this  temperature  rapidly 
became  lead  deficient.  By  generating  an  oxygen  plasma  in  the 
secondary  ion  gun  whilst  keeping  all  other  system  parameters 
identical  resulted  in  complete  retention  of  lead  in  the  films,  even  in 
excess  of  70<)°C;  under  IBS  conditions  this  latter  temperature 
resulted  in  a  purely  Ti02  (rutile  structure)  film.  It  is  intriguing  that 
the  generation  of  an  oxygen  plasma  seemed  to  be  the  critical  factor  in 
this  effect;  drawing  an  ton  beam  from  the  gun  so  as  to  bombard  the 
growing  film  had  little  funher  effect  on  the  film  for  energies  up  to 
l(X)eV  The  generation  of  the  ion  beam  did  result  in  films  with  a 
slightly  higher  refractive  index,  indicating  a  higher  density,  but  in  ail 
other  respects  they  were  identical  to  those  grown  with  only  an 
oxygen  plasma  present.  Energies  in  excess  of  lOOeV  were 
detrimental  to  the  film  growth  rate  and  gave  no  discernable 
advantage  in  terms  of  properties.  It  is  apparent  that  the  presence  of 
active  oxygen  was  the  key  element  in  enhancing  the  sticking 
coefficient  of  Pb  and  also,  perhaps,  that  the  oxygen  plasma  to 
substfate  separation  was  considerably  less  than  the  mean  free  path  at 
the  deposition  pressure.  Th's  implies  active  species  such  as  02''’,  ()■*■ 
and  0  reach  the  substrate  unimpeded.  F*robing  of  the  region  between 
the  plasma  and  the  substrate  with  the  faraday  cup  did  not  indicate 
any  spontaneous  beam  generation  although  this  does  not  rule  out  a 
self  neutralising  beam.  Given  these  observations  a  bombarding 
oxygen  ion  beam  of  lOOeV  and  BCD  of  0.  ISmA/cm^  was  used  as 
standard  since  this  gave  the  highest  refractive  index  for  PLZT 
(28/0/100)  films  without  limiting  the  growth  rate.  In  the  DIBS 
mode,  the  Pl.ZT  films  were  found  to  be  amorphous  up  to  5(K)°C, 
above  which  perovskite  peaks  began  to  appear  in  the  X-ray 
diffraction  (XRD)  spectra,  and  were  single  phase  perovskite  at  or 
above  600‘^C.  Against  expectation,  it  has  not  been  found  that 
concurrent  oxygen  ion  bombardment  lowers  the  perovskite 
crystallisation  temperature,  indeed  there  is  evidence  to  sugge.st  it  is 
raised  by  a  small  increment.  However,  bombardment  does  create  an 
extended  temperature  window  within  which  the  perovskite  phase 
dominates,  as  well  as  giving  denser  films. 

In  addition  to  the  substrate  temperature  and  oxygen  ion 
bombardment,  the  third  dominant  parameter  controlling  the  lead 
content  of  the  films  was  the  target  configuration.  Even  with 
concurrent  oxygen  ion  bombardment,  the  volatility  of  Pb  and  PbO  at 
elevated  temperatures  in  a  vacuum  environment  is  still  high.  For 
example,  to  fonn  stoichiometric  lead  titanate  (PbTiOs)  at  6(X)°C 
required  a  metallic  Pb/Ti  target  that  gave  a  9: 1  Pb:Ti  incident  atomic- 
flux  on  the  substrate  (as  measured  cold)  was  required. 

For  lanthanum-doped  films  it  was  found  that  an  increase 
in  the  dopant  level  occurred  between  the  target  and  the  film.  A 
metallic  lead/PLZT  (28/0/100)  target  gave  PLZT  (35-40/0/100) 
films.  Extra  titanium  on  the  target  or  a  lesser  La  doped  target 
ceramic  were  used  to  correct  this  problem. 

Uniformity  of  film  thickness  and  composition  of  2% 
over  5()mm  has  been  achieved  for  both  types  of  film.  The  limiting 
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factor  was  uniformity  of  heating;  films  deposited  onto  cold 
substrates  were  uniform  to  2%  beyond  75mm.  In  all  cases,  use  of 
the  PLZT/PbO/Ti  ba^ed  target.  Figure  2(ii),  gave  greater  uniformity 
and  repeatability  from  run  to  run.  Growth  rates  varied  from  0  076 
to  O.35ptn/hour  for  in-snu  grown  perovskite  films.  The  use  of  fully 
metallic  Pb/Ti  targets  and  argon  gave  the  slowest  rate,  whereas 
ceramic  PLZT/PbO/Ti  targets  and  ki^ton  gave  the  fastest.  This  was 
surprising  in  view  of  the  known  relative  sputtering  rates  of  of  these 
elements  in  their  metallic  and  oxide  ceramic  states.  Amorphous 
films  could  be  grown  at  rates  in  excess  of  0.5pm/hour,  but  this 
needed  to  be  o^^'set  against  the  required  annealing  time  and  final  film 
quality. 


Structure:  PLZT  (28/0/100)  films  on  fused  silica  were 
found  to  suffer  from  excessive  cracking  and  delamination  in  conffast 
to  the  results  of  Mukherjee  et  al  [  12|.  To  investigate  this  the  further 
thermal  expansion  coefficient  of  a  100%  dense  PLZT  (28/0/l(K)) 
ceramic  was  determined  via  dilatometer  techniques  over  the  range 
25-500°C  and  is  shown  in  Figure  4.  The  overall  expansion  is  large 
compared  with  fused  silica  (a  typically  0.5  x  lO'^K  ’)  and  other 
PLZT  compositions  [  1 1  and  displays  a  distinct  change  at  350°C  of 
unknown  origin.  It  is  likely  that  the  discrepancy  in  film  integrity  on 
fused  silica  is  related  to  intrinsic  growth  stress  which  may  offset 
thermal  expansion  stresses  and  can  differ  widely  between  deposition 
techniques  (and  systems). 

The  effect  of  La  doping  on  lead  titanate  is  to  reduce  the 
tetragonality  at  a  given  temperature  and  for  PLZT  (28/0/100)  the 
structure  remains  cubic  at  room  temperature.  Figure  5(i)  shows  an 
XRD  pattern  for  randomly  orientated  polycrystalline  PLZT 
(28/0/100)  ceramic.  Figure  5(ii),  (iii)  and  (iv)  show  XRD  sfiectra 
for  (100),  (110)  and  (111)  orieniated  l|im  thick  films  grown  under 
near  identical  conditions  onto  (1102)  sapphire.  The  orientation 
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Figure  4  Thermal  expansion  of  PLZT  (28/0/100)  ceramic. 
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Figure  5  X-ray  diffraction  traces  of  (i)  PLZT  (28/0/100)  ceramic 
and  (ii)-(iv)  PLZT  (28/0/l()0)  films  on  (1102)  sapphire. 


Figure  6  Crc-s-sectional  TEM  of  PLZT  (28/0/100)  film. 


behaviour  is  complex;  there  is  some  critical  process  parameter  that 
controls  the  resultant  film  orientation  which  remains  to  be  identified. 
Figure  6  shows  a  cross-sectional  TEM  of  a  (100)  PLZT  (28/0/l(X)) 
film.  The  grain  structure  is  columnar,  of  diameter  0.5pm  and 
individual  grains  traverse  the  complete  1pm  thickness  of  the  film. 

Amorphous  PLZT  (28/0/l()0)  films  deposited  below 
500°C  transformed  readily  to  perovskite  on  annealing  uoove  550°C 
in  a  tube  furnace  in  static  air  or  flowing  oxygen.  However,  the 
orientation  was  random  and  the  films  were  prone  to  suffer  from 
cracking,  even  for  long  heating  and  cooling  cycles. 

Electrical  Opncal  and  Electro-Optic  Film  Ptoperties: 
Figure  7  shows  1  JV/visible  transmittance  spectra  of  as-deposited  and 
annealed  perovskite  PLZT  (28/0/100)  films,  each  of  thickness  1pm. 
The  in-situ  film  has  superior  transmission  properties  and  a  refractive 
index  of  2.50.  The  annealed  film  is  less  transparent  with  an  index 
of  2.45  and  a  secondary  transmittance  envelop  superimposed  onto 
the  interference  fringing.  Numerical  modelling  has  shown  this  to  be 
consistent  with  a  decreasing  refractive  index  at  the  top  surface  of  the 
film  as  depicted  in  Figure  7(ii).  This  implies  incomplete 
crystallisation  and/or  stoichiometric  deviations  during  the  anneal 
cycle;  extended  annealing  did  not  eliminate  this  phenomenon. 

Electrical  properties  of  some  films  were  probed  using 
Cr/Au  interdigitated  electrodes  (IDEs)  defined  on  the  top  surface 
using  photolithographic  techniques.  The  frequency  was  varied  from 
30Hz  to  SOOkHz  using  a  peak  field  of  9kV/m  and  dc  bias  fields  up 
to  5V/pm.  A  (111)  orientated  in-situ  PLZT  (28/0/100)  film  gave  a 
dielectric  constant  in  excess  of  1 500  and  a  loss  of  0. 1 6%.  Similarly 
an  annealed  randomly  orientated  PLZT  (28/0/1  (X))  film  gave  values 
of  500  and  0.10%.  These  values  remained  constant  within  1% 
across  the  frequency  range  and  also  varied  little  with  temperature 
variations  of  a  few  tens  of  degrees  either  side  of  room  temperature. 
This  is  consistent  with  a  diffuse  ferroelectric/paraelecuic  transition 
with  a  Curie  temperature  of  order  25°C  [7].  It  is  likely  that  the  lower 
values  obtained  for  the  annealed  films  was  due  to  a  low  dielectric 
surface  layer  as  evidenced  by  the  optical  transmission 
measurements. 

Electro-optic  measurements  were  made  in  the  transverse 
mode  using  IDE's  to  apply  the  field  and  viewing  between  the 
electrode  fingers.  Three  approaches  were  used  to  probe  for  electro- 
optic  activity: 

i)  movement  of  white  light  interference  fringes  formed  in  a 
transmission  mode  on  the  application  of  an  electric  field, 

ii)  variations  in  transmitted  intensity  of  a  He-Ne  laser  for  a 
film  placed  between  crossed  polarizers  and  under  a 
varying  electric  field. 
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Figure  7  L)  V/visible  transmittance  specta  of  as-deposited  and 

annealed  perovskite  PLZT  (28/0/100)  films. 


iii)  reflected  surface  changes  due  to  an  applied  electric 

field  using  a  white  light  interferometer  (WYKO) 
instrument. 

In  all  cases,  no  electro-optic  responses  were  observed 
from  films  formed  using  the  annealing  approach.  For  in-situ 
deposited  films  large  quadratic  responses  were  observed  using 
method  (iii)  but  these  could  not  be  duplicated  using  either  of  the 
transmission  mode  methods.  Figure  8  shows  the  reflected  phase 
response  of  a  1pm  thick  90%  (100)  orientated  PLZT  (28/0/100) 


Distance 


Figure  8  Reflected  mode  electro-optic  response  of  a  PLZT 
(28/0/100)  film. 
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Figure  9  Reflected  mode  field  dependent  phase  response  of  a 

PLZT  (28/0/100)  film. 

film.  On  application  of  an  electric  field,  the  average  relative  phase 
heights  of  the  film  and  Cr/Au  electrode  change  and  large  peaks 
develop  adjacent  to  the  electrode  edges.  On  removal  of  the  field  the 
original  state  was  not  fully  recovered  and  remanent  polarization 
remains.  Reversal  of  the  applied  field  did  not  alter  the  profiles  in 
Figure  8  so  the  effect  did  not  have  a  linear  component  attributable  to 
piezoelectric  or  linear  electro-optic  effects.  This  is  confirmed  by  the 
quadratic  phase  to  field  dependency  shown  in  Figure  9.  By 
attributing  the  average  phase  change  entirely  to  a  refractive  index 

variation,  An,  a  value  for  the  quadratic  electro-optic  coefficient  R 
could  be  derived  from 

An  =  0.5n3RE2  (2) 

where  n  =  2.60.  This  gives  R  =  2.10  x  I0'*6m2/V2  which  is  large 
compared  to  other  reported  values  of  0.6-1.0  x  I0'*^m2/V2  [7, 
12,13].  However,  it  is  likely  a  significant  proportion  of  the 
observed  phase  change  is  due  to  a  physical  electrostrictive  surface 
deformation.  Given  this  value  for  R  a  transmitted  interference  peak 
shift  in  excess  of  4nm  should  have  been  observed  in  transmission. 
This  was  well  within  the  resolution  of  the  optical  system.  Similarly, 
a  readily  detectable  intensity  change  should  have  occurred  for  the 
laser  and  crossed  polarizer  method.  The  cause  of  this  discrepancy  is 
not  clear,  but  it  is  possible  that  the  electro-optic  and  electrostrictive 

responses  are  working  in  opposite  senses  such  that  An  and  At  cancel 
leaving  the  film  with  an  identical  optical  thickness. 

Also  of  concern  are  the  peak  phase  changes  adjacent  to 
the  electrode  edges  and  the  remanent  polarization  after  the  removal 
of  the  electric  field.  These  are  attribute  to  space  charging  within  the 
film  or  at  the  film/electrode  interface.  The  trapped  charge  screens 
the  applied  electric  field  and  mitigates  any  electro-active  material 
response.  Space  charge  effects  have  been  regularly  observed  in 
bulk  ceramic  materials  at  Caswell  and  are  relnted  to  structural 
defects,  particularly  at  the  grain  boundaries.  In  z  tliin  film  where  the 
crystallisation  and  stoichiometry  may  well  not  be  .ts  co'isistent  as  in 
a  sintered  ceramic,  space  charge  constitutes  a  sericc  "  problem.  It  is 
apparent  that  any  thin  film  deposition  process  needs  to  be  optimised 
to  produce  homogenous  films  for  the  device  potential  to  be  fully 
exploited. 

PLZT  (O/O/lOOi  and  (lO/D/lOOi  Films 

Structure:  Figure  10  shows  XRD  spectra  of  ljun  thick 
lead  titanate  films  on  silicon,  sapphire  and  MgO  substrates.  As  a 
general  result,  it  was  found  that  films  crystallised  more  readily  on 
the  Pt/Ti  electrode  than  the  bare  substrate  and  that  the  Pt  itself  took 
up  a  highly  preferred  (111)  orientation  during  PLZT  deposition. 
Tbe  orientation  of  the  film  was  found  to  be  a  strong  function  of  the 
thermal  expansion  coefficient  of  the  substrate.  The  low  coefficient 
of  silicon  (3  x  10‘^K'*)  places  the  film  in  tension  on  cooling  and  at 
the  cubic-tetragonal  phase  change  confines  the  longer  (001 )  c  axis  to 
the  plane  of  the  substrate  giving  a  (100)  film  orientation.  For  MgO 
(14  X  lO'^K"')  the  opposite  occurs  giving  a  (001)  film  and  for 
sapphire  (7.5  x  lO'^K  ')  a  mixed  (100)/(001)  orientation  results.  A 
(001)  orientation  would  be  most  beneficial  for  pyroelectric  detection 
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Figure  10  X-ray  diffraction  traces  of  lead  titanate  (PLZT  0/0/100) 
films  on  (i)  silicon,  (ii)  sapphire  and  (iii)  MgO 
substrates. 


purposes  which  implies  that  for  integrated  devices  on  silicon,  some 
method  of  repoling  the  film  will  be  necessary.  Inserting  a  barrier 
layer,  such  as  amorphous  alumina,  between  the  silicon  and  the 
electrode  has  been  found  to  force  the  orientation  back  towards  (001 ) 
giving  a  similar  structure  to  that  on  sapphire.  Work  is  continuing  on 
barrier  layers  and  also  to  minimise  the  deposition  temperature  thus 
limiting  the  thermal  mismatch  stress  that  opposes  repoling  to  the 
(001)  state. 

Figure  1 1  shows  a  SEM  image  of  a  lead  titanate  film  on 
silicon.  The  grain  size  is  of  order  0.75pim  and  is  less  columnar  than 
that  for  PLCT  (28/0/100)  although  single  grains  do  traverse  the 
entire  film  for  thicknesses  around  1pm.  Also  shown  in  this  picture 
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Figure  1 1  Normal  incidence  SEM  of  a  lead  titanate  film. 
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js  .1  |Uss.is;c  ihriun,'li  iIk-  iilin  i!;.n  in.iy  ;H-iu-trLiic  thruujili  ihc 
cIccirkIc  C'cn.iHiU  v^heri  inp  c!fciiiHii.’s  were  .i['|)licd  lo  lllIn^  Ic" 
than  0  75^111  itiitk '.'Icv.'iik.il  i«.\iirrcd;  tur  tiini'-  Iiamthiak 

lhl^  wa^  lcs^  nl  .1  prohlcm  1  iguio  12  hriyhl  ticlii  plan 

i  ifu  TUM.s  (>l  k'ad  liianalc  (iIiiin  ilcl, idled  I'nnn  sjlieon.  I’hc  fii'.i. 
I'lgiirc  12(1),  ka''  itrown  h\  aiiton  urn  '-pnttcrinp  ot  a  fully  niclallic 
Ph/l'i  target  anti  ^llo\'.^  eoiiMderahle  texture  indieating  a  high  le\el 
of  iniperfeetion  and  defects  in  the  film.  It  is  (uohahle  that  niiieh  ot 
this  disorder  has  been  iniiodiK'ed  by  low  fhi.x  high  energy 
bombardment  ot  the  film  by  argon  atoms  refleeted  troni  the  target. 
C'ompanson  to  the  argon  eonient  of  films  deposited  using  kl- 
sputtering  with  kb  bias  on  the  substrate  places  the  energy  ot 
bombardiiient  at  200  .i00e\  rtiis  is  ly  iucally  half  the  aeeelerating 
potential  of  the  sputtering  beam  and  is  consistent  with  elastic  recoil 
of  argon  from  the  target  .Nt  these  energies,  the  argon  atoms  would 
implant  and  be  cap.ible  of  damaging  the  cry  stal  structure  of  the  lead 
titanate,  I'tie  sesond.  Iigure  12(ii),  was  grown  by  krxpton 
sputtering  of  a  ceramic,  metal  I’bO,'  I'l  target  and  shows  a  greatly 
reduced  level  of  disorder  as  well  as  .i  larger  grain  si/e.  Domains  and 
twinning  are  still  \isibie  in  some  iiulividual  grains  but  the  overall 
film  structure  and  grain  tevtiiie  is  simiiar  to  that  seen  by  Tfi.M  of 
doneil  lead  tit. mate  hulk  ceramics  manufactured  at  (.'aswell. 

A  detrimental  phenomenon  was  the  appearance  ot 
blisters  in  the  Ti/l’t  electriide  on  silicon  w  ith  a  ().2.‘ipm  .Alylh  barrier 
layer  during  kl./  T  film  growih  l  igure  l.b  shows  SfiM  images  ol 
the  blisters  which  have  a  diameter  of  order  10-1. ‘Spin  The  Pl./.  l' 
film  has  grown  over  the  blister  giving  a  full  coverage  (application  ol 
top  electriKles  do  not  reveal  any  shorts).  I'he  blisters  occur  under 
masked  regions  ot  the  substrate  thus  eliminating  ion  bombardment 
or  FLZT  as  the  cause  keplacing  the  .-\li0y  layer  with  O  .Shpm  of 
Sidy  or  ().7.Spm  of  Ul’SCi  ( boron-phosphate  silicate  glassi 
eliminates  this  effect.  The  implication  is  that  a  chemical  interaction 
occurred  between  the  I'l  layer  in  the  electrode  and  the  StOy  or 
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l  igure  1 2  Bright  tield  I'liM  pictures  of  detached  lead  titanate  films 
grown  by  111  argon  sputtering  of  a  BbAl'i  target,  and  tin 
krypton  sputtering  of  a  I’bO/n'i  target. 


5  (im 


(I)  im 

bigure  i.S  .sli.M  images  ot  blisters  in  lead  titanate/platinuin,' 
litaniunV  AlyOi/  silicon  structure. 


Bk.SCi.  This  gave  goixi  adhesion  and  prevented  blistering  foi 
AlyOi  which  IS  chemically  very  stable,  prxir  adhesion  resulted  aiu! 
the  sires.ses  in  ihe  elecinxle  were  sufficient  to  initiate  delaminaiion 

Hlectric  and  I’vroelectric  Film  Properties:  To  cvamuie 
elecaic  and  pyn'eleciric  properties  of  the  films  1mm  diameter  Cr  .Au 
electrifies  were  evaporated  onto  the  top  surface.  For  lead  lilan.iie, 
the  dielectric  constant  was  .MIO  and  the  loss  for  1  a  iloped 

films,  the  values  were  4.S()  and  1  ,.x'i .  1. united  pyri>elev  trie  activ  iiv 
was  observed  in  the  as-deposited  films,  but  this  was  improveii  bv 
poling  at  7kV7mm  i'yrixdecinc  ciH;fl'icienis  up  to  4(K)p('m  -K  ' 
have  been  observed  but  more  typical  average  values  were  2,sii,  lOi) 
and  50pCm'-K''  for  I’l./.T  (7/0/11)0)  films  on  MgO,  sapphire  aiiel 
silicon  respectively  ;  the  corresponding  figures  of  merit.  Ft),  weie 
2.1.  F.'iandO.bv  IO  ''Pa  O  ''  'I'his  illustrates  the  strong  dependence 
on  film  orientation  and  hence  substrate,  Pl./T  (O/O/HKl)  iflms  had. 
m;u-ginally  reduced  pyroelectric  coefficient  but  due  to  their  smallei 
dielectric  constant  gave  l-i)  similar  to  those  lor  Pl./.T  (7/0/100)  ,\s 
yet  the  improved  stnicture  of  films  sputtered  from  the  Pb(  F'l'i  t.irget 
using  krypton  h.is  not  been  reOected  in  their  pyroelectric  properties 
This  seems  to  be  relatetl  to  the  difficulty  encountered  in  poling  the 
films  and,  indeed,  in  a  number  of  cases  the  application  ot  poling 
fields  has  resulted  in  a  reduction  in  the  pyroelectric  response  ,is 
compared  with  the  pre-poled  state.  The  present  F[) compare  to  111  v 
l()-‘^Pa  "-‘^  for  sol  gel  I'.ST  14|  and  .S-b  x  Kl  'ra  "  '  for  l>l,/  l 
(O/O/HH))  and  PLZT  (7/()/)(Mh  |hl  1j:  i1,c  pr^seni  \Kork  i  jj  as  h!i:h 
as  5.  1  X  10  ‘’Pa-''  "'  have  been  observed  but  (>nly  for  isolated  rcgioiR 
of  particular  thin  film  samples;  the  problem  seems  to  be  th.ii  ot 
pnxJucing  this  viiialily  of  films  reliably  over  huger  areas 

PFZT  (0/50/50)  anti  (()/.10)70i  .Sol  (iel  Films 

.Structure:  Typical  .XkD  spectra  for  Pl./T  ((1/50, '5(li  and 
(0/.10/70)  films  are  shown  in  Figure  14.  (0/50/50i  films  tended 
towards  a  (1(K)|  orient.ition  as  the  film  thickness  decreased  below 
()..5)am;  Ipni  thick  films  gave  a  bulk-like  polycry sl.illine  p.iticrn 
(0/,M)/70)  films  showed  similar  behaviour  except  that  the  preferred 
orientation  was  (1  1  1 1.  (ienerally.  most  films  were  baked  .it  170  (' 
for  2  minutes  after  each  spin  cycle  and  then  fired  at  7(X)  {'  for  I  2 
hours  in  static  air  or  flow  ing  oxy  gen.  The  typical  increment  in  t  ilm 
thickness  using  unmodified  solutions  was  O.OXpm  per  layer 
Increasing  the  bake  temperature  to  400 '('  between  lay  ers  gave  tiinis 
with  an  improved  morphology  and  electrical  properties 
Mtxlificalion  of  the  solution  w  ith  aceiylacetone  reduced  the  ullim.iie 
film  thickness  increment  per  laver  to  0.016pm,  but  gave  the  highest 
quality  crystalline  films  for  both  the  (0/50/50)  and  (0/.t0/7()i 
compositions  at  170‘X'  baking  temperature;  however,  it  w.is  found 
that  two  spin  cycles  per  bake  did  not  compromise  film  viu.ilitv 
Further,  it  was  eventually  found  that  six  successive  lasers  could  lx- 
baked  to  a  fully  perovskile  sirucliire  at  only  450  (’  for  2  minutes  on 
a  hot  plate.  .Subsec|uenl  annealing  of  this  film  at  700  ('  tor  2  hoiu  - 
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(I)  (il) 

Figure  14  X-ray  dit'fraclion  truces  of  (i)  PLZT  (0/50/50)  and  (ii) 

PLZT  (0/30/70)  films. 

did  not  result  in  any  change  in  X-ray  peak  intensities.  This  is  a 
significant  result  with  respect  to  processing  time  and  integration  onto 
silicon  devices  where  thermal  loading  is  critical.  SEM  examination 
of  several  films  showed  a  variety  of  morphologies  from  the  rosette 
type'  features,  Figure  15(a)  to  a  finer  hillock  type  structure.  Figure 
15(b).  Film  morphology  is  still  under  investigation  and  seems  to  be 
critically  dependent  on  the  structure  and  history  of  the  electrode  as 
found  by  other  workers  1 14|. 

Electric  and  Pyroelectric  Properties:  A  0.45iJ.m  thick 
PLZT  {()/5()/.5())  film  gave  a  relative  pennittivity  of  800,  a  loss  (at 
I  kHz)  of  .3.4'7(  and  a  pyroelectric  coefficient  of  KKlpCm  ^K  '  in  an 
unpoled  state.  Poling  at  5kV/mm  improved  the  permittivity  to  910 
and  the  pyroelectric  coefficient  to  dlKlpCnr^K''  giving  a  figure -of- 
merit  of  2.2  x  10 '’Pa'^*  '’.  A  ().44|j.m  thick  film  of  PLZT  (()/.30/7()) 
gave  respective  prepoling  values  of  350,  3.6%,  40pCm'-K  ’ 
and  0,35  x  lO'^Pa  *’ '  but  failed  on  poling.  The  film  manufactured 
using  only  a  45()°C  hotplate  bake  suffered  from  a  high  pinhole 
density  indicating  the  need  to  further  improve  the  deposition 
process. 

Discussion 

The  advantages  of  ion  beam  sputtering  over  the 
competing  PVD  techniques  of  RF  magnetron  sputtering  and  laser 
ablation  arc  well  documented  for  conventional  dielectric  materials 
|8|,  At  present  these  advantages  have  not  been  fully  repeated  for 
PLZT  film  deposition.  However  the  films  produced  in  this  work 
and  by  other  workers  |8-1())  are  now  matching  those  produced  by 
conventional  sputtering  in  which  there  has  been,  and  still  is, 
considerable  activity.  However,  whereas  there  now  exists  limited 
development  potential  for  RF  sputtering  there  remains  con.siderable 
scope  for  improving  ion  beam  methods.  Comparison  with  la.ser 
ablation  is  more  difficult  since  this  itself  is  a  new  and  rapidly 
developing  technique,  although  it  is  without  dispute  that  an  ion  beam 
process  will  ultimately  offer  superior  process  control.  The  inherent 
simplicity  and  stoichiometry  control  offered  by  sol-gel  methods 
make  this  a  serious  cuiitcndcr  for  thin  film  multicomponent  oxides 
such  as  PLZT.  In  particular,  the  optimisation  of  a  process 
requiring  a  maximum  temperature  of  45()°C  for  short  periods  of  time 
would  be  a  major  advantage  for  integration  onto  CMOS  silicon.  The 
drawback  of  the  repetitive,  tedious  nature  and  slow  deposition  rate 
of  sol-gel  requires  automation  of  the  process  and  this  is  under  active 
development  at  Caswell.  The  potential  of  sol-gel  has  been 
demonstrated  by  Ye  et  al  |5|  who  have  attained  pyroelectric 
coefficients  of  KXKlpCm  ^K  '  for  lead  titanate  films. 

The  prospects  for  the  production  of  integrated 
pyroelectric  IR  detectors  using  PLZT  seem  brighter  than  those  for 
thin  film  electro-optic  devices,  at  least  in  the  short  term.  The  extra 
constraints  imposed  by  the  optical  requirements  make  device  quality 
PLZT  films  more  difficult  to  produce.  Figure  16  shows  a  schematic 
of  an  integrated  detector  element.  The  nature  of  the  thermal  insulator 
is  a  point  of  discussion.  This  layer  has  to  allow  for  the  correct 
orientation  of  lead  titanate,  provide  a  thermal  barrier  to  enhance 
element  responsivity  and  also  perhaps  protect  the  silicon  devices 
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Figure  15  SEM  images  of  (i) 'rosette  type  structure,  and  (ii) 

hillock'  type  structure  in  PLZT  (()/5()/.5())  sol-gel  films 

during  film  deposition.  The  elegant  work  of  Ye  et  al  |6|  using 
polysilicon  bridge  structures,  effectively  making  the  barrier  layer  air, 
has  demonstrated  the  remarkable  responsivity  attainable  from  an 
integrated  structure.  A  similar  approach  is  under  active  investigation 
at  Caswell, 

Conclusions 

The  deposition  of  fcrroelecunc  films  using  sol  gel  and 
dual  ion  beam  sputtering  has  been  demonstrated.  In  the  DIB.S 
process,  the  presence  of  active  oxygen  has  been  found  to  be 
essential  to  the  fomiation  of  perovskite  PLZT  films.  Electro-optic 
and  pyroelectric  effects  have  been  observed  in  these  films.  A  Itirge 
quadratic  electro-optic  coefficient  of  2.1  x  l()  ri'm-/V-  was 
observed  in  reflection  mode  for  PLZT  (28A)/100),  but  this  could  not 
be  repeated  in  a  transmission  mode,  presumably  because 
birefringence  and  thickness  changes  work  in  opposite  senses.  Peak 
pyroelectric  coefficients  of  4(X)pCnT^K  ’  have  been  observed  for 
PLZT  (0/0/l(X))  and  (7/()/I(X))  films.  .Sol-gel  has  produced  PLZT 
(0/50/50)  and  (0/30/70)  films  with  similar  properties  and  has  show  n 
the  potential  for  film  formation  at  temperatures  as  low  as  4.5()“C. 


Ferroelectric  matenai  I  op  eiectiodt? 


Thermal  insulator 


Figure  16  Integrated  thermal  detector  element. 
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The  prospects  for  fully  integrated  pyroelectric  detector  elements  on 
silicon  in  the  near  future  are  good  and  the  DIBS  and  sol-gel 
processes  have  considerable  development  potential  with  respect  to 
attaining  this  goal. 
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DEPOSITION  AND  PROPERTIES  OF  PLT  THIN  FILMS 
BY  MAGNETRON  SPUTTERING  FORM  POWDER  TARGET 
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Shanghai  Institute  of  Ceramics,  Chinese  Academy  of  Sciences,  Shanghai  200050,  China 


We  have  studied  the  processes,  structures  and  electro- 
optical  properties  of  lanthanum-modified  lead  titanate 
(PLT)  thin  films  prepared  by  RF  magnetron  sputtering 
from  sintered  powder  targets.  Highly  oriented  PLT  thin 
films  on  glass  and  (0001)  AI2O3  substrate,  and  an  epi¬ 
taxial  growth  PLT  thin  films  on  (100)  SrTi03  have  been 
deposited.  The  growth  mechanism  of  oriented  PLT  thin 
film  on  amorphous  glass  was  discussed.  Electro-optical 
coefficient  (R'0 . 6X10“ )  of  PLT  films  on  glass 
was  measured  by  a  new  method  based  on  Faraday  magneto¬ 
optical  effect. 


Introduction 

Many  research  works  have  been  done  about  ferroelectric 
thin  films,  especially  about  PLZT  material  [1].  PLZT 
film  has  linear  electro-optical  (E-0)  effect,  quadric 
E-0  effect  and  memory  property  depending  on  its  compo¬ 
sition.  It  also  can  be  integrated  with  Si  or  GaAs  semi¬ 
conducting  material.  So  PLZT  is  considered  a  most  prom¬ 
ise  ferroelectric  thin  film  to  be  used  in  two-dimen¬ 
sional  spatial  light  modulator  [2] ,  nonvolatile  optical 
devices  [3],  In  all  these  applications,  PLZT  thin  film* 
are  requested  to  be  highly  oriented  growth  or  epitaxial 
growth  so  as  to  low  working  voltage  and  reduce  light 
scattering. 

High  quality  PLZT  thin  films  are  usually  prepared  by 
RF  magnetron  sputtering.  The  sputtering  is  a  very  com¬ 
plicated  physical  and  chemical  process,  and  the  sput¬ 
tering  conditions  vary  with  substrate  materials  and 
sputtering  system.  We  have  studied  the  sputtering  pro¬ 
cesses  of  PLZT  thin  film  by  magnetron  sputtering  from  a 
stoichiometric  powder  target  (41 .  Highly-oriented  or 
epitaxial  PLT  thin  films  have  been  deposited  on  differ¬ 
ent  substrates.  Especially,  highly-oriented  PLT  thin 
film  can  be  grown  on  a  glass  substrate.  As  known,  glass 
is  an  amorphous  material  mainly  consisted  of  silica, 
Si02.  If  a  PLZT  thin  film  is  integrated  with  Si  or  GaAs, 
the  PLZT  film  is  usually  deposited  on  SiOj  film  which 
is  used  a  buffer  layer  of  the  Si  and  GaAs  substrate.  So 
it  is  very  meaningful  to  study  growth  and  its  mechanism 
of  PLZT  thin  film  on  glass  substrate.  The  results  are 
present  in  this  paper.  PLZT  (28/0/100)  thin  film  exhib¬ 
its  very  good  E-0  properties,  but  there  are  very  few 
reports  on  measuring  method  to  determine  E-0  coeffi¬ 
cient  precisely  [5].  The  film  is  usually  very  thin, 
about  a  few  thousand  angstroms.  It  is  very  difficult  to 
measure  optical  retardation  of  angstrom  order.  We  use  a 
simple  but  very  accurate  method  based  on  Faraday  magne¬ 
to-optical  effect  to  get  the  quadric  electro-optical 
coefficient  of  PLT  thin  film.  The  PLT  films  on  glass 
have  the  quadric  electro-optical  coefficient  in  a  range 
from  0.1X10-16  to  1 .0X10-16 (m/v) 2 . 


Experiment 

The  PLZT  (28/0/100)  powder  was  prepared  by  mixing 
high  purity  PbO,  La203 ,  Ti02  with  a  stoichiometry  and 
then  sintered  at  ODO'C  for  four  hours.  The  powders  to 
be  used  as  a  sputtering  target  have  to  go  through  the 
sintering  and  gronding  procedures  for  two  times  at 
least.  The  particle  size  of  powder  is  eilxaut  5-10  pm. 
The  sintered  powder  is  slight  yellow  and  pressed  in  a 
copper  dish  to  be  the  sputtering  target.  The  thermo¬ 
couple  is  put  near  the  backside  of  the  substrate.  So 
the  actual  temperature  of  substrate  may  be  50 °C  lower 
than  the  readout  temperatures.  Fig.  1  is  a  schematic 
picture  of  sputtering  chamber. 

The  sputtering  conditions  are  summarized  in  Table  1. 


X-ray  diffraction,  TEM  and  RHEED  were  employed  to  exam¬ 
ine  the  structure  of  PLT  thin  film.  The  narrow  gap 
(aout  0.4  mm)  electrodes  of  gold-chromium  were  evapo¬ 
rated  on  the  surface  of  PLT  film  for  measuring  the  E-0 
properties.  Fig.  2  shows  the  block  diagram  of  the  E-0 


3.  Heater  of  substrate,  4.  Substrate  Holder, 
5.  PLT  powder  target,  6.  Magnetron  cathode. 


Table  1.  SPUTTERING  CONDITIONS  FOR  PLT  THIN  FILM 


Target 

Target-substrate  distance 
Substrate 
RF  power  density 
Sputtering  gas 
Total  pressure 
Substrate  temperature 
Deposition  Rate 


(28/0.100)  PLT  Powder 
25 — 20  mm 

Glass,  SrTi03,  Sapphire 
1.3— 4.0  W/cm2 
Ar/02=1:1— 1«0.5 
(2 — 6) XlO-^mbar 
RT— 700°C 
20 — 60  X/min 


Results  and  Discussions 

1.  The  relationship  of  thin  film  structure  and  PbO 
content  in  sputtering  target 
In  multi-element  oxides  sputtering,  because  the  evapo¬ 
rative  pressure  of  every  element  in  target  is  different, 
this  may  lead  to  the  content  of  the  deposited  film  de¬ 
viation  from  the  target.  The  deviation  is  often  -epend- 
end  on  the  sputtering  conditions  and  systems.  Ii.  many 
reports  for  sputtering  PLZT  or  PLT  thin  film,  the  tar¬ 
get  usually  have  extra  PbO  to  compensate  Pb  losing  in 
the  sputtering  for  its  high  evaporative  property.  But 
we  found  that  when  the  target  powder  have  extra  PbO 
there  was  always  PbO  phase  existing  in  as-ueposited 
film  and  while  the  powder  was  stoichiometric  the  film 
was  pure  perovskite  structure ,  as  shown  in  Fig .  3 . 

The  possible  reason  may  be  that  we  sintered  the  pow¬ 
der  at  800  °C  and  the  PbO  losing  was  much  lower  than  at 
900”C  as  reported  in  other  literatures.  The  further 
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Fig. 2.  Block  diagram  of  measuring  electro-optical 
coefficient  of  ferroelectric  thin  film. 
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Fig. 3.  Structures  of  PLT  thin  film  vs  extra  PbO 
in  target  (a)  for  no  extra  PbO,  (b)  and 
(c)  for  extra  PbO,  and  (c)  annealed  at 
GOO^C/Shr 


study  is  in  progress. 

2.  Oriented  growth  of  PLT  thin  film  on  glass  substrate 
Glass  substrate  was  used  to  prepare  PLT  thin  film 
because  its  heat  expansibility  is  3.9X10"®K“1,  very 
close  to  that  of  PLZT  material.  PLT  films  deposited  on 
the  glass  substrate  were  transparent  and  crack-free. 

The  x-ray  diffraction  experiments  showed  that  the  depo¬ 
sited  thin  film  was  amorphous  when  substrate  tempera¬ 
ture  was  lower  than  520°C.  The  film  changed  to  oriented 
growth  alone  [100]  direction  (1=1, 2,--.)  by  proper 
heating  treatment.  By  heating  substrate  at  more  higher 
temperature  and  proper  in-situ  heating  treatment,  the 
perovskite  and  highly  oriented  PLT  films  were  growth  on 
the  glass. 


As  show  in  Fig.  4,  at  about  520°C,  only  amorphous  PLT 
thin  film  was  gotten,  and  at  higher  than  550°c,  poly- 
crystalline  pervoskite  PLT  film  was  prepared.  It  is 
because  the  heat  energy  from  substrate  provides  enough 
energy  for  adatoms  to  nucleate  and  grow. 


Substrate  temperature(° C ) 
Fig. 4.  Structure  of  PLT  thin  film  vs 
substrate  temperature 


PLZT  (28/0/100)  is  cubic  phase  at  room  temperature. 

The  growth  of  PLT  polycrystalline  thin  film  on  glass 
substrate  was  obviously  oriented  in  the  [100]  direction. 
The  degree  of  film  orientation  in  ttie  [100]  direction, 
a,  was  determined  by  measuring  the  intensities  of  PLT 
diffraction  peaks  and  was  express  as  follows: 

a=l(100)/[l(100)+l(110)] 

1(100)  and  1(110)  are  X-ray  diffraction  intensity  of 
(100)  and  (110)  peak  respectively.  We  showed  the  pre¬ 
ferred  orientation  degree  a  of  PLT  film  vs.  substrate 
temperature  in  Fig.  5.  It  is  clear  that  the  higher  the 
substrate  temperature,  the  easier  the  growth  for  ori¬ 
ented  PLT  tliin  film.  But  overheating  substrate  may  lead 
to  decomposition  and  reevaporating  of  the  deposited  film. 

In  proper  sputtering  condition,  we  can  get  highly 
oriented  PLT  thin  film  (Fig.  6) .  There  is  no  other  dif¬ 
fraction  peaks,  only  (100)  peaks  (1=1,2).  The  further 
TEM  analysis  (Fig.  7)  indicated  that  the  crystallization 
growth  lines  were  paralleled  to  each  other  and  the  films 
were  preferred  (100)  oriented.  The  lattice  parameter  a 
was  3.934  A. 

SEM  photograph  (Pig.  8)  suggested  that  the^^average 
diameter  of  the  crystal  grains  is  about  300  A.  They  are 
closely  packed  and  porous-free,  and  the  grain  bounda¬ 
ries  are  very  thin. 

Why  oriented  PLT  thin  film  can  grow  on  the  amorphous 
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Substrate  temperature  (“G) 


Fi<j.5.  Preferred  orientation  degree  of 
PI.T  thin  film  vs  substrate  tem- 
I'erature 


riq.f).  X-ray  diffraction  spectra  for 
highly-oriented  PLT  thin  film 
on  glass 


Fig. 7.  TEM  image  for  section  of  PLT  thin  film 
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Fig. 8.  SEM  micrograph  of  PLT  thin  film  on 
glass  (X6000) 


network  theory,  the  structure  of  glass  is  similar  to 
the  crystal  structure  in  the  region  of  crystallite 
(about  10  X)  and  is  random  network  outside  the  region. 

So  in  the  microstructure,  the  glass  substrate  is  not 
only  a  substrate  to  be  used  for  sputtering  without  any 
characteristics  but  has  its  own  inherent  quality  which 
is  determined  by  Si-0  tetrahedral  configuration.  From 
XRD  patterns  of  glass  and  fused  silica,  there  was  al¬ 
ways  a  diffraction  peak  at  20=22°.  It  was  just  like  the 
(100)  peak  of  quartz  crystal.  So  we  suggest  that  it  is 
much  easier  for  PLT  (100)  to  nucleate  and  grow  on  glass 
than  other  direction  for  they  have  similar  structure. 

Its  growth  may  be  described  by  Volmer-Weber  mecha¬ 
nism  (71  . 

3.  PLT  thin  film  growth  on  single  crystal  substrate 
Single  crystal  is  good  substrate  to  grow  epitaxially 
and  hihgly  oriented  PLZT  thin  film.  As  a  promise  sub¬ 
strate  material,  its  crystallization  parameter  and  heat 
expansibility  should  be  matched  with  the  deposited  ma¬ 
terials.  SrTiOg  and  R-oriented  sapphire  are  proper  sub¬ 
strates  on  uhich  highly  quality  PLZT  film  can  be  depo¬ 
sited.  We  have  studied  the  sputtering  conditions  of  PLT 
film  on  (100)  SrTi03  substrate.  At  the  substrate  tem¬ 
perature  of  550°C,  epitaxial  PLT  films  were  obtained. 
Fig.  9  showed  the  x-ray  diffraction  spectra  of  PLT  on 
SrTiOg.  There  are  only  (100  and  (200)  diffraction  peaks. 
RHEED  image  (Fig.  10)  further  confirmed  the  epitaxy  of 
PLT  film. 
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Fig. 9.  X-ray  diffraction  spectra  of  PLT 
thin  film  on  (100)  SrTi03 
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Fig. 10.  RHEED  image  for  epitaxial 
PLT  thin  film 


'|i  iss  substrate?  We  propose  it  can  be  explained  by  the 
structure  of  glass.  The  glass  is  a  very  complicated 
amorphous  material.  Its  main  structure  is  Si-0  tetra¬ 
hedral  con  figuration. According  to  the  crystalliterandom 


There  were  two  different  oriented  growth  on  (0001) 
sapphire  substrate,  they  were  preferred  (111)  and  (100) 
orientation  respectively  as  shown  in  Fig.  11.  The  E-0 
behavious  of  the  two  different  kinds  of  oriented  PLT 
thin  films  are  studied  in  progress. 


Fig. 11.  X-ray  diffraction  spectra  for  oriented- 
grovrth  PLT  film  on  (OOOl)  AI2O3 
(a)  (111)  orientation,  (b)  (100)  orientation 

4.  The  electro-optical  properties  of  PLT  thin  *ilm 
We  have  studied  the  phase  transition  and  dielectric 
properties  of  PLZT  (28/0/100)  hot-pressed  ceramics.  It 
is  a  electric  field-induced  ferroelectric  material.  At 
room  temperature,  it  is  cubic  perovs)cite  structure, 
spontaneous  polarization  is  zero.  Under  electric  field, 
it  can  be  poled.  The  thin  film  has  the  similar  proper¬ 
ties.  The  sputtered  PLT  film  was  colourless  and  trans¬ 
parent.  Its  transmittance  was  about  80%  in  visible 
region.  When  no  electric  field  applied  on  the  PLT  film, 
the  polarized  light  transmits  the  PLT  thin  film  without 
direction  change.  Under  the  electric  field,  the  polari¬ 
zation  direction  of  the  light  emerged  from  PLT  film 
changed.  The  film  become  birefringent.  The  birefringence 
An  is  quadric  relationship  to  the  applying  electric 
field.  After  removing  the  electric  field,  the  film  turn 
bac)t  to  istropy.  So  the  PLT  thin  film  has  Kerr  E-0  ef¬ 
fect.  The  calculated  quadric  E-0  coefficient  R  is  in  a 
range  from  O.IXIO'^®  to  1.0X10”^^  (m/v)2.  Highly  ori¬ 
ented  PLT  thin  film  has  larger  R.  The  relationship  of 
the  birefringence  An  vs  electric  field  E  for  PLT  film 
measured  by  the  Faraday  magneto-optical  modulating  was 
shown  in  Fig.  12.  How  the  sputtering  conditons  effect 
on  the  R  is  discussed  in  another  paper  to  be  published. 


Fig. 12.  An  vs  E  for  PLT  thin  film  on  glass 


From  Fig.  13,  we  found  that  under  lower  electric 
field.  An  of  the  PLT  film  is  proportional  to  E^.  Under 
higher  electric  field,  it  deviates  from  this  relation¬ 
ship.  There  were  the  similar  reports  for  a  (9/65/35) 
PLZT  ceramics  [8]  and  for  PLT  film  [5] .  Wang  et  al  [5) 
contributed  thin  phenomenon  to  a  high-order  E-0  effect 
We  will  do  further  study. 
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Fig. 13.  An  vs  E^  for  PLT  thin  film  on  glass 


chanism  and  sputtering  conditions  are  also  studied.  PLT 
thin  film  have  good  electro-optic  properties,  and  the 
quadric  electro-optic  coefficient  high  as  I.OXIO"!^ 
(m/v)2.  Growing  highly  oriented  PLT  thin  film  on  glass 
is  valuable  to  future  applications  in  integrated  optics. 
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Ccnclusions 

Using  powder  target,  we  prepared  highly  oriented  or 
epitaxial  PLZT  (28/0/100)  thin  film  on  glass  or  crystal 
substrate  by  R.F.  magnetron  sputtering.  The  growth  me- 
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Abstract:  Crack-free  PZT  0/65/35  films  of  thicknesses  up  to  3 
pm  were  deposited  onto  glass  and  sapphire  substrates  using  an  acetate 
precursor  system  at  a  processing  temperature  of  500-550°  C. 
Ferroelectric,  dielectric  and  electrooptic  properties  were  measured  as  a 
function  of  excess  PbO  content  from  0  to  4  mol%.  Directionally 
dependent  film  behavior  at  high  lead  content  was  correlated  with  the 
combined  effects  of  tensile  strain  and  domain  alignment 

Introduction 

The  optimum  application  of  ferroelectric  films  is  based  on 
complete  characterization  of  the  film  properties  and  processing 
conditions.  The  number  of  influencing  factors  is  as  varied  as  the 
techniques  employed  to  process  the  films.  However,  certain 
interdependent  physical  characteristics,  such  .is  film  thickness  and 
grain  size,  remain  a  common  consideration  regcrdless  of  deposition 
rcchnique[  1-5].  Another  imporlani  feature  of  film  geometry  is  the 
development  of  anisotropic  behavior  resulting  from  crystallographic 
onentation  and  stress  related  lattice  distortions. 

In  the  course  of  investigating  transverse  eleccrooptic  behavior  of 
PZT  films,  it  was  found  that  the  addition  of  excess  PbO,  a  common 
practice  in  the  processing  of  lead  zirconate-titanate  materials, 
introduced  into  the  films  a  high  level  of  behavioral  anisotropy.  The 
characteristics  of  the  films  became  dependent  upon  the  direction  of 
measurement.  This  effect  was  studied  by  comparing  longitudinal 
ferroelectric  and  dielectric  properties  to  transverse  electrooptic 
properties  for  PZT  films  on  glass  and  sapphire  substrates.  A  constant 
film  thickness  of  3  pm  was  maintained  to  reduce  the  effects  of 
thickness  while  a  PLT  buffer  layer  was  used  to  control  grain  size. 

Experimental  Procedure 

Film  Processing 

A  thermal  decomposition  method  based  on  a  water-soluble 
acetate  precursor  system[4]  was  used  to  process  PZT  0/65/35 
(La/Zr/Ti)  films  on  various  substrate  materials.  The  precursor 
solutions,  comprised  of  stoichiometric  combinations  of  aqueous 
zirconium  acetate  (ZrAc),  lanthanum  acetate  (LaAc), 
iitaniumacetylacetonate  (TiAcac)  and  powdered  lead  subacetate 
(PbsubAc),  were  diluted  with  methanol  in  a  rauo  of  5:1  to  improve 
solution  stability  and  a .  oid  film  cracking  during  the  heat  treatment 
process.  Multilayer  films  were  depo.sited  u.sing  an  automated  dip 
coating  apparatus  which  allowed  for  controlled  dipping  of  the 
substrate  into  the  solution  and  direct  jansport  of  the  film/sub.strate  in 
and  out  of  the  heating  zone.  Throtgh  computer  interface,  precise 
finng  time  schedules  could  be  maintdned.  The  completion  time  of  a 
single  firing  cycle;  i.c..  dipping  -  firing  -  cooling,  varied  with 
substrate,  film  composition  and  filing  temperature. 

From  previous  experienci  in  processing  acetate-derived  PLZT 
and  PZT  films  on  sapphire  substrates,  it  was  found  that  without  the 
use  of  either  excess  amounts  of  PbO  or  the  initial  application  of  a 
buffer  layer,  significant  amounts  of  pyrochlore  were  likely  to 
develop[61.  When  used  as  a  buffer  layer,  films  in  the  (Pb,La)Ti03 
system  provided  an  improved  nucleation  surface  for  PZT  film 
formation]  6.7]  and  have  made  possible  the  development  of  PZT  films 
on  glass  substrates  where  lower  processing  temperatures  are 
requircd[8]. 

The  subsmates  u.sed  in  this  study  include  randomly  oriented 
sapphire  and  a  Coming  barium  borosUicate  glass  (#7059)  with  thermal 
expansion  coefficients  of  8.3x10'^/°  C  and  5.01x10"^/°  C, 
respectively.  For  ferroelecu-ic  and  dielectric  measurements,  thin  films 
(3600A)  of  ITO  were  deposited  onto  one  side  of  the  substrates  by 
magnetron  sputtering  from  a  powdered  target.  The  sputtering 
atmosphere  was  a  60:40  argon-oxygen  mixture  at  a  pressure  of  100 
mTorr.  The  substrates  were  held  at  a  constant  temperature  of  350°  C. 
The  buffer  layer  composition.  PLT  14/0/100,  was  chosen  due  to 
electroopiic  compatibility  with  PZT.  Before  depositing  the  films,  each 
substrate  was  heat  meated  at  550°  C  for  2  minutes  to  remove  any 
remaining  organics  and  improve  the  conductivity  of  the  TTO.  The 
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PZT  films  were  processed  by  initial  deposition  of  2  layers  (1(XX)A)  of 
PLT  followed  by  2  layers  of  PZT  at  550°  C,  each  layer  fired  for  5 
minutes.  The  remaining  layers  of  PZT  were  deposited  at  500°  C,  each 
layer  fired  for  10  minutes.  This  process  was  developed  as  a 
compromise  between  firing  the  enure  film  at  500°  C,  which  usually  led 
to  film  cracking  at  the  grain  boundaries  where  it  was  suspected  an 
amorphous  or  poorly  crystallized  phase  was  formed,  or  finng  the 
entue  film  at  550°  C  where  large  deep  cracks  were  formed  due  to  the 
increase  in  thermal  stress.  The  more  fully  developed  surface  layer 
proce.ssed  at  550°  C  enhanced  crystallization  of  the  film  proce.ssed  at 
500°  C  and  crack-free  films  were  produced.  Without  a  buffer  layer. 
PZT  films  could  not  be  processed  at  such  low  temperatures  even  on 
.sapphire.  PZT  films  on  sapphire  without  a  buffer  layer  were  fired  at 
630°  C.  each  layer  fired  for  2  minutes.  Film  thicknesses  were 
opticallv  determined  from  cro.ss  sections  using  a  Zeiss  image  analyzer. 
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Figure  1 .  SEM  micrograph  showing  the  cross  .section  of  a  PLT/PZT 
film  on  a  glass  subsuate. 


X^rav  Diffraction 

X-ray  diffraction  patterns  were  obtained  on  a  Scintag  theta-theta 
powder  diffractometer  using  Cu-Ka  radiation  at  a  scan  rate  of  2°/min. 
Background  subtraction  and  Kot  shipping  were  pierformed  using  the 

accompanying  .software.  Line  positions  were  determined  by  fitting  the 
diffraction  peaks  with  a  split  Pearson  Vn  profilp  function. 

Ferroelectric  and  Dielecutc  Measurements 

Film  samples  with  an  ITO  layer  on  one  side  were  used  to 
determine  ferroelectric  and  dielectric  film  properties.  It  was  not 
alw  lys  possible  to  avoid  coating  the  entire  surface  of  the  ITO  during 
the  dipping  process.  Access  to  the  ITO  layer  for  use  as  a  bottom 
electrode  was  made  possible  by  etching  away  a  portion  of  the 
PLT/PZT  film  with  a  HCl-HF  solution.  Aluminum  dots,  1mm  in 
diameter,  were  evaporated  onto  the  film  surface  as  top  electrodes. 
Ferroelectric  ac  hysteresis  loops  were  obtained  using  a  modified 
Sawyer-Tower  circuit  at  a  frequency  of  1  kHz.  Small  signal  dielecuic 
measurements  were  made  on  a  digital  LCR  meter. 

Electroopiic  Measurements 

Transverse  electroopiic  behavior  was  measured  using  planar 
copper  electrodes  with  50(xm  gaps.  The  change  in  birefringent  shift  as 
a  function  of  applied  field  was  measured  using  a  He-Ne  laser  with  a 
wavelength  of  633  nm[8].  A  photoelastic  modulator  was  u.sed  to 
modulate  the  light  source  while  a  dc  voltage  was  applied  to  the  film 
sample.  A  compen.sator  was  used  to  calibrate  the  system  and  to 
extinguish  any  conuibuling  birefringence  from  the  glass  substrates  as 
a  result  of  thermal  cycling. 
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Results  and  Discussion 


The  PZT  tllnis  processed  using  this  method  were  crack  free  with 
columnar  growth  structures  typical  of  that  shown  in  the  scanning 
electro  ;  micrograph  (SEM)  of  Figure  1. 

From  transverse  electrooptic  measurements  of  l^un  thick  films 
oil  PLT/glass  substrates  it  was  found  that  the  presence  of  memory, 
hysteiesis  and  birefringence  were  reduced  with  the  addition  of  excess 
PbO.  To  further  understand  this  relationship,  ferroelectric  and 
dielectric  properties  in  the  longitudinal  direction,  X3,  were  compared 
to  eleclrooptic  properties  observed  in  the  planar  direction,  Xj. 
Electrode  configuration  and  directional  references  are  shown  in  Figure 
2.  The  results  of  this  analysis  are  tabulated  in  Table  1  for  3  pm  thick 
PZT  films  containing  0  and  4  mol%  excess  PbO  deposited  onto  both 
PLT/glass  and  PLT/sapphire  substrates.  An  additional  film  on 
sapphire  was  processed  without  a  buffer  layer  to  compare  the  effects 
of  grain  size.  The  growth  of  the  PZT  films  was  not  significantly 
influenced  by  the  ITO  layer  as  shown  in  the  XRD  pattern  of  Figure  3. 
However,  low  priK’essing  temperature  and  choice  of  buffer  layer 
composition  did  promote  strong  (100)  orientations  with  1(100)^(1 10) 
=  4.5:1  as  compared  to  0.15:1  for  the  more  randomly  oriented  film 
without  a  buffer  layer.  Stronger  orientation  was  generally  developed 
on  the  side  without  ITO, 

The  effects  of  exce.vs  PbO  were  similar  for  films  on  both  glass 
and  sapphire.  Ferroelectric  hysteresis  loops  and  their  corresponding 
elecirooptic  curves  are  shown  in  Figures  4  and  5.  As  mentioned 
earlier,  hysteresis  in  the  ferroelectric  loops  and  electrooptic  cirves  was 
reduced,  along  with  reductions  in  coercive  field  and  effective 
bircfnnge.  At  the  .same  time,  however,  polarization  and  dielectric 
permittivity  were  increa.sed.  The  only  parameter  which  was  not 
affected  was  the  dissipation  factor,  tan  3.  The  contrasting  behavior  of 
increased  polarization  in  the  longitudinal  direction  with  limited 
field-induced  birefnngence  in  the  transverse  direction,  indicate  a  film 
behavior  strongly  dependent  on  direction  of  measurement. 

Ferroelectric.  Dielectric  Measurement 


Electrooptic  Measurement 


Figure  2.  Ferrixilectric  and  dielectric  measurements  were  made  in  the 
longitudinal  direction  X3,  while  elecirooptic  measurements  were 
made  in  the  transverse  direction,  Xj. 

X-ray  diffraction  analysis  indicates  that  a  phase  transformation 
and  tensile  strrin  accompany  the  incorporation  of  excess  PbO  into  the 
PZT  perov.skite  .suaicture.  Single  phase  PZT  films  containing  0  mol9f 
excess  PbO  crystallized  into  a  rhombohedral  suaicture  as  shown  in 
Figure  6.  A  .second  phase  was  observed  with  the  addition  of  1  mo\% 

PbO.  Ba.sed  on  the  location  of  the  peaks  at  26  =  22  and  29.  a  likely 
identification  would  be  the  massicot  phase  of  PbO[9J  which  is  the 
stable  form  above  489°  C.  As  the  excess  PbO  content  was  increased 
to  3  mo\%  the  intensity  of  the  PbO  peaks  diminished.  At  4  mol% 
ihe.se  peaks  become  barely  distinguishable  with  the  apparent  formation 
of  peaks  at  29  =  21.4  and  21.8.  This  tran.sformation  can  be  more 
clearly  seen  in  the  fitted  (100)  profiles  of  Figure  7.  The  triplet  peak 
splitting  occurs  throughout  the  diffraction  pattern  in  accordance  with 
the  coexistence  of  a  rhombohedral  and  tetragonal  perov.skite 
structure!  10.1 1].  The  ob.served  c/a  ratio  of  1.02  is  consi.stani  with 
that  of  tetragonal  pha.sts  in  this  compo.sitional  region.  An  increase  in 
the  interplanar  J(  looj-spacing  perpendicular  to  the  films  surface 
shown  in  Figure  7,  is  indicative  of  a  planar  compressive  strain 
developed  in  the  rhombohedral  phase  coincident  with  the 


accommodation  of  the  excess  PbO.  The  longitudinal  tensile  su-ain  of 
Ad/d  =  3x1U‘3,  greater  than  the  fracture  limit  of  most  crystalline 
materials,  is  believed  responsible  for  the  anisotropic  behavior  of  the 
film  on  a  macroscopic  level.  At  this  point,  there  is  not  enough 


Figure  3.  XRD  paiiems  of  PLT/PZT  films  on  glass  substrates,  (top) 
without  ITO,  (bottom)  with  IT(T 


information  to  determine  if  the  tetragonal  phase  has  predominately 
compositional  or  structural  origins.  It  is  conceivable  that  tensile 
stresses  placed  in  the  (100)  direction  of  a  rhombohedral  structure 
could  produce  tetragonal  symmetry.  In  which  case,  the  preferred 
(100)  orientation  could  further  enhance  the  anisoU’opy. 

Rhombohedral  PLZT  ceramics  are  characterized  by  their  stress 
sensitivity  and  ability  to  withstand  large  tensile  strains  through 
ferroelastic  switching!  12].  When  under  the  influence  of  an  applied 
field,  either  electrical  or  mechanical,  the  PLZT  ceramics  respond 
through  a  combination  of  polarization  switching  and  structural  phase 
changes  leading  to  domain  alignment.  From  electrooptic 
measurements  cf  thin  ceramic  plates  placed  in  a  strain-biased  mode, 
Maldonado  and  Meitzer  [13]  found  that  the  direction  of  spontaneous 
polarization  was  inPuenced  by  preferential  domain  alisnment  parallel 
to  a  tension  axis,  thereby  increasing  the  value  of  <Pr->  as  compared 
to  the  polarization  in  a  perpendicular  direction.  In  application  to  the 
PZT  films,  strain-induced  domain  ordering  in  the  X3  direction 
depletes  the  number  of  domains  available  for  swi  ching  in  respoase  to 
an  applied  field  in  the  Xj  direction.  Since  the  macroscopic 

birefringence.  An.  is  djecO  r  oportional  to  <Pr->,  birefringent  shift 
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Figure  4.  Electrooptic  curves  and  ferroelectric  hysteresis  loops  lor 
PLT/PZT  films  on  glass  substrates,  (a)  0  mol%  excess  PbO.  (b)  4 
mol%  excess  PbO 
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Table  I.  Ferroelectric,  dielectric  and  electnx>ptic  data  obtained  for  PZT  films  on  glass  and  sapphire 
substrates. 


excess  PbO  Ec  Pr  Ps 

Substrate  (mol%)  (kV/cm)  (nC/cm^)  (p.CJcm^) 


-An  dO"') 
(80  kV/cm ) 


PLT/sapphire  0  66.5  2.9 

PLT/sapphire  4  32.0  10.25 

PLT/glass  0  67.5  5.75 

PLT/glass  4  14.0  3.5 

sapplure  4  32.0  14.0 

in  the  transverse  mode  is  minimized. 

The  level  of  optical  transparency  in  the  films  varied  with  excess 
PbO  content.  At  0  raol%  PbO  the  films  appeared  very  cloudy.  At  4 
mol%  PbO  an  average  transmission  of  60%  was  observed  for  films  on 
glass  in  the  wavelength  range  of  520-800nra.  The  maximum 
transmission  of  the  bare  substrate  was  70%.  Microscopic 
investigation  did  not  reveal  any  observable  reason  for  the  cloudiness. 
The  scattering  of  light  in  a  polycrystalline  material  is  caused  by 
discontinuities  in  the  index  of  refraction  at  grain  boundaries  and 
domain  walls.  When  the  domains  are  randomly  oriented,  the  change 
in  refractive  index  from  one  domain  to  another  is  large  and  the  light  is 
scattered.  When  the  domains  are  aligned  the  change  in  refractive  index 
is  smaller  and  the  transmission  of  light  is  increased.  This  could 
explain  why  the  addition  of  excess  PbO  improves  the  film  optical 
transparency. 

The  slimmer  ferroelectric  and  electrooptic  curves  observed  for 
the  films  with  high  lead  content  may  be  attributable  to  the  coexistence 
of  a  rhombohedral  and  tetragonal  phase  through  improved  switching 
capabilities  independent  of  direction.  However,  other  factors  such  as 
grain  size  could  also  have  an  influence.  The  planar  grain  size  of  films 
processed  with  a  PLT  buffer  layer  was  <  Ijim  compared  to  5  gtra 
without  a  buffer  layer.  The  greater  birefringence  observed  in  Figure  8 
for  the  unbuffered  film  could  be  attributed  to  grain  size  eftects  since 
larger  grains  are  less  subject  to  grain  bou.idary  pinning  allowing  for 
more  flexible  domain  movement.  Grain  size  in  the  longitudinal 
direction,  X3,  was  not  determined  but  should  be  less  dependent  on  the 
use  of  a  buffer  layer  since  growth  is  limited  by  single  layer  film 
thickness  and  surface  effects.  Values  of  coercive  field  and 
polarization  are  very  similar  for  PZT  films  containing  4  mol%  excess 
PbO  on  sapphire  with  and  without  a  buffer  layer  in  support  of  a 
similar  grain  size  in  the  thickness  direction.  However,  without  a 
buffer  layer  the  dielectric  constant  is  larger,  approaching  the  bulk 
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Figure  6.  XRD  patterns  of  PLT/PZT  films  with  0  to  4  mol%  excess 
PbO  deposited  onto  glass  substrates,  (a)  0  mol%.  (b)  1  mol%  (c)  2 
mol%,  (d)  3  mol%,  (e)  4  raol% 
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Figure  5.  Electrooptic  curves  and  ferroelectric  hysteresis  loops  for 
PLT/PZT  films  on  sapphire  substrates,  (a)  0  raol%  excess  PbO.  (b)  4 
mol%  excess  PbO 
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value  with  a  corresponding  dissipation  factor.  This  effect  could  result 
from  microstructural  changes  occurring  with  film  thickness  and  is 
currently  under  investigation. 


Figure  7.  Fitted  (100)  profiles  of  bulk  PZT  and  PLT/PZT  films 
deposited  onto  glass  substrates.  Interplanar  d(  lOOl'Spsc’ngs  are  given 
as  a  function  of  excess  PbO  addition. 
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In  general,  the  film  values  of  remanent  polarization,  coercive 
field  anu  dielecinc  constant  differ  from  the  bulk  values  of  Pr  =  40 

|iC/cm2,  Ec  =  13  kV/cm  and  e  =  650.  These  discrepancies  are  the 
result  of  many  influencing  factors  such  as  stoichiometry,  defect 
structure,  grain  size,  thermal  stess,  measurement  technique,  etc., 
including  die  use  of  ITO  as  a  bottom  electrode.  Wu  and  Sayer[3] 
proposed  that  a  non-ferroelectric  (NF)  PbO-rich  layer  is  generated  at 
the  ITO/film  interface  through  the  diffusion  of  Pb  into  the  glass 
substrate.  The  NF  phase  has  a  very  low  dielectric  constant  which  may 
affect  the  ferroelecuic  behavior  of  the  bulk  of  the  film.  In  this  study, 
an  unidentified  peak  does  occur  in  the  XRD  patterns  for  the  ITO/glass 
substrates  shown  in  Figure  3.  This  peak  does  not  appear  in  the 
patterns  of  ITO/sapphire  and  could  indicate  some  type  of  reaction 
between  the  glass  subsmate  and  film.  The  extent  to  which  the  ITO 
electrodes  may  alter  the  measured  film  values  is  uncertain. 
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Figure  8.  Electrooptic  curve  and  ferroelectric  hysteresis  loop  for  PZT 
film  containing  4  mol%  excess  PbO  on  a  sapphire  substrate. 
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A  relationship  between  the  addition  of  excess  PbO  and 
anisotropic  film  behavior  was  presented  for  PZT  films  on  glass  and 
sapphire  substrates.  Large  tensile  strains  and  the  formation  of  a 
tetragonal  phase  upon  incorporation  of  PbO  into  the  rhombohedral 
structure  produced  directionally  dependent  properties  in  the  film.  The 
measurement  of  ferroelectric  and  dielectric  properties  in  a  direction 
parallel  to  the  tension  axis  indicated  an  increase  in  polarization  with 
PbO  content  while  birefringence  in  the  perpendicular  direction  was 
reduced.  This  effect  was  attributed  to  preferential  domain  alignment 
and  crystallographic  orientation.  The  coexistence  of  a  rhombohedral 
and  tetragonal  phase  was  also  thought  to  be  a  factor  in  reducing 
hysteresis  and  memory  effects. 
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Abstract 

The  design  of  an  integrated  sensing  system  including  a 
Silicon  structure  and  a  P  (VDF0.7-TRFE0.3)  copolymer  is 
presented. 

The  monolithic  integrated  sensor  is  based  on  : 

-  a  pyroelectric  thermal  P(VDF.7-TRFE0.3)  copolymer 
detector, 

-  a  polyimide  microelectronic  photoresist  for  thermal 
insulation, 

-  a  standard  process  Silicon  read-out  circuit. 

The  present  paper  describes  studies  undertaken  to  realize 
the  system.  Especially  the  ISL  poling  process  is  presented. 
Electrical  characteristics  as  well  as  pyroelectric  characte¬ 
ristics  are  presented. 

Intrinsic  ferroelectric  properties  of  the  copolymer  used  are 
given. 

1 -Introduction 

The  outstanding  piezoelectric  properties  of  polar 
polymers  like  PVDF  may  partly  explain  the  less  attention 
given  over  the  last  ten  or  twenty  years  to  its  pyroelectric 
properties;  in  addition,  its  characteristics  in  this  field  could 
appear  rather  weak  with  respect  to  its  main  challengers : 
polycrystal  ceramics  and  organic  compounds,  which  present 
a  much  higher  pyroelectric  coefficient.  However,  this 
situation  has  moved  recently  In  favor  of  PVDF  in  infrared 
detection,  with  the  huge  impulse  given  to  the  world  of 
detectors  by  the  introduction  of  microelectronics  in  their 
technology  to  imple-ment  integrated  sensors,  and  the 
ability  to  apply  the  IC  technics  to  tailor  a  PVDF  sensor 
coupled  with  a  read  out  Silicon  circuit.  In  addition,  the  small 
magnitude  of  the  infrared  signals  detected,  mixed  with  a 
hight  level  background  noise, has  imposed  the  development 
of  matrix  arrays  rather  than  unit  cells. 

These  conditions  have  provided  a  new  interest  to 
PVDF,  due  to  its  good  chemical  characteristics. 

In  a  first  step,  a  8  x  8  matrix  array  [1]  was  elaborated 
on  PVDF.  and  glued  afterwards  successfully  on  a  Silicon 
chip.  This  procedure,  well  defined  in  a  laboratory,  may 
impede  a  low  cost-large  scale  development  in  industry. 

The  use  of  a  VDF-TrFE  copolymer,  which  directly 
crystallizes  in  a  beta  phase,  appears  as  a  promising 
substitute  to  PVDF,  as  it  is  available  under  a  liquid  form  and 
allows  an  easier  technology  to  implement  the  hetero¬ 
structure,  the  other  advantage  being  to  present  higher 
pyroelectric  performance  than  PVDF. 

The  result  has  been  the  elaboration  of  a  32  x  32  focal 
plane  starring  array,  which  is  investigated  to  be  used  in  a 
multisensing  system  dedicated  to  obstacle  detection  in 
automotive. 


2-The  coDolvmer  I.R.Sensor 

The  infrared  sensor  is  a  copolymer  starring  array 
associated  witch  a  focal  plane,  coupled  to  a  signal 
processing  electronic  system  integrated  in  a  Silicon 
substrate. 

This  heterostructure  basically  includes. 

-  a  copolymer  layer  P(VDF,  0.7-TrFE,  0.3)  allowing  the 
pyroelectric  detection  after  absorption  of  the  I.R.  incident 
radiation;  converted  into  a  temperature  variation,  it  wilt 
induce  a  pyroelectric  signal  between  the  electrodes 
deposited  above  and  underneath  the  copolymer. 

-  a  Silicon  substrate  which  is  provided  with  the 
readout  circuit  processed  in  a  1.2  pm  C-MOS  technology. 
The  analog  electronic  signal  processing  operates  at  the  level 
of  each  pixel;  integrated  into  the  Silicon  (^ip,  it  is  connected 
to  a  serie  of  address  and  digital  multiplexing  elements.  The 
interface  between  the  focal  plane  and  the  outer  computer, 
included  in  the  chip,  is  carried  out  through  gate-arrays 
analog/digital  converters.  [2] 

-  a  thermal  insulating  film,  sandwiched  between  the 
copolymer  and  the  Silicon  support,  which  is  presently  made 
out  of  polyimide. 

The  electrical  connexion  between  the  copolymer  and 
the  Silicon  substrate  is  achieved  with  a  via  through  the 
polyimide  layer. 

3-  Technology 

The  specific  Silicon  integrated  circuit  is  processed 
through  a  standard  Full  Wafer  technology  based  on 
deposition,  chemical,  plasma  and  reactive  ion  etching 
photolithography  technics  of  microelectronic.  The  different 
steps  of  metallization  use  either  Joule  evaporation  or 
sputtering,  depending  on  the  nature  of  the  metal  selected  : 
Aluminum,  NickelChromium,  Chromium-Gold,  or  Platinum. 
Polyimide  and  copolymer  are  deposited  by  spin  coating.  The 
thickness  of  the  thermal  insulator  is  10  pm  in  our  application, 
while  the  thickness  of  the  copolymer  is  adjusted  t^tween  4 
and  10  pm  and  depends  on  the  read-out  operation 
frequency  (fig.1).  The  annealing  procedure  used  in  the 
polymerization  of  the  pyroelectric  material  must  avoid 
thermal  shocks  to  prevent  any  cracks  which  should  appear 
by  interaction  between  copolymer  and  the  metal  deposited 
upon  it  in  the  following  metallization  step.  This  is  shown  on 
the  next  figures  where  a  temperature  slope  is  used  to  anneal 
and  to  cool  the  VDF-TrFE  layer  (fig.  2-a),  and  a  temperature 
step  is  used  instead  in  the  second  case  (^.  2-b). 
Photolithography  is  used  to  elaborate  the  final  step  of  the 
copolymer  32  x  32  matrix  array.  The  pixel  size  is  100  pm  x 
100  pm. 


CH308()-()-7803-0465-9/92$3.(X)  ©IEEE 


27 


m  Copolymer 

I — I  Meial  electrodes 
*  NICr(80/JO)  or  At 
IW  Polyimide 
gSi02 

H  Si  Substrate 


fig.1  Schematic  Integrated  copolymer/thermal 
insulator/Silicon  heterostructure. 


fig.2-a  Top  view  of  the  copolymer  after  NiCr  deposition  when 
a  temperature  ramp  has  been  used  in  the  polymerization 
process.  NiCr  has  been  removed  from  the  lower  part. 


However,  we  have  much  preferred  to  use  the  method 
developed  by  F.  BAUER  [3)  14]  where  a  very  low  frequericy 
electric  field  (0.1  Hz)  is  applied  to  the  material  at  room 
temperature,  allowing  to  generate  many  times  the  hysteresis 
loop  while  the  magnitude  of  the  field  is  increased 
continuously  up  to  a  limit  slightly  under  the  breakdown 
condition  of  the  material  (lO®  V/m).  This  operation  allows  to 
drain  out  ions  and  space  charges  which  might  impede  the 
rotation  of  the  dipoles  of  the  crystalline  phase,  and  insures 
the  stability  of  the  polarization  and  the  reproducibility  of  the 
procedure. 

By  substracting  the  resistive  and  the  capadtives  parts 
from  the  total  current,  we  perform  directly,  after  integration, 
the  measurement  of  the  polarization.  A  6  pC/cm2  to  8  pC/cm^ 
remanent  polarization  has  been  achieved  (fig.3). 
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fig.2-b  Same  view  as  fig  2-a,  when  a  temperature  step  is  used 
in  the  polymerization  process  of  VDF-TrFE. 


4-  The  Doling  procedure 

Any  poling  method  applied  to  PVDF  can  be 
transposed  to  VDF-TrFE  as  well.  The  standard  procedures 
use  either  the  Corona  or  the  plasma  effect,  or  require  the 
application  of  a  d.c.  electric  field  at  high  temperature 
(between  50°C  to  100°C)  applied  to  the  metal  electrodes 
deposited  on  both  surfaces  of  the  pyroelectric  material. 


fig.3  Hysteresis  and  polarization  current  measurements 
performed  on  the  array. 


It  is  important  to  notice  that,  with  PVDF,  the  polarization  is 
applied  before  gluing  the  film  on  the  Silicon  chip.  With  VDF- 
TrFE,  poling  of  the  sample  is  somewhat  more  delicate, 
because  it  is  performed  after  the  elaboration  of  the  whole 
heterostructure  where  the  read-out  and  signal  processing 
circuits  have  been  already  processed  in  the  Silicon 
substrate.  However,  using  adequate  protective  circuits,  we 
have  shown  that  the  procedure  could  be  conducted 
successfully  that  way. 

5-Characterization 
Pyroelectric  response  of  a  pixel 

As  the  purpose  of  this  paper  is  more  material  than 
system  performance  oriented,  characterization  of  the  matrix 
presented  here  will  be  focused  to  the  copolymer  charac¬ 
teristics.  The  pyroelectric  response  of  a  pixel  is  investigated 
with  a  temperature  controlled  black  body,  emitting  a  radiation 
mechanically  chopped  at  low  frequency,  using  an  equipment 
similar  to  that  used  for  PVDF  array  characterization  and 
described  in  ref.  [5].  As  shown  in  fig.  4,  a  typical  curve 
giving  the  evolution  of  the  pyroelectric  current  sensitivity, 
limited  to  700  Hz,  exibits  a  behaviour  difference  with  respect 
to  the  reponse  of  a  'free*  material,  brought  about  by  the 
heterostructure.  In  the  same  way,  the  unusual  voltage 
response  observed  in  fig.  5,  is  due  to  the  very  low  electrical 
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cut  off  frequency  of  the  measuring  circuit  (6  Hz).  The  effect  of 
temperature  on  the  pyroelectric  current  (fig.  6)  is  consistent 
with  the  pyroelectric  coefficient  variation  with  temperature. 


fig.  4  Pyroelectric  current  sensitivity  versus  chopper 
frequency.  The  distance  X  between  black  body  and 
copolymer  is  4.7  cm. 


Pyroelectric  coefficient 

The  evaluation  of  the  pyroelectric  coefficient  p  has 
been  achieved  by  a  direct  measurement  based  on  dielectric 
absorption  of  the  material  which  is  heated  with  a  high 
frequency  signal  (500  KHz)  during  a  limited  period  of  time 
(6.5  ms)  [6]. 

We  observe  a  linearly  increase  of  the  pyroelectric 
voltage  V  during  the  heating  (fig.  7),  p  being  proportional  to 
his  voltage  shope  according  to 

p-  d.Cy _ 

.  2nf .  tg8 

Where  d  is  the  copolymer  thickness,  Cv  the  volumetric 
specific  heat,  U  and  f  are  respectively  the  magnitude  and  the 
frequency  of  the  voltage  applied  to  the  pixel,  8  the  loss 
angle. 

With  d  =  5  pm  :  Cv  =  2.34  J/cm3.  K  ;  U  =  5  v.  ;  f  =  500  KHz  ; 
tg  8  =  10-2  and  (dV/dt)  =  13.6  /  6.47  we  get  a  pyroelectric 
coefficient  p  =3.1  nC/cm^.K. 

This  value  confirms  that  the  pyroelectric  performance 
of  VDF-TrFE  is  not  that  much  weakened  by  the  technology.  A 
possible  improvement  will  relie  on  a  reduction  of  the  stress  at 
the  interface  with  the  thermal  insulator  by  a  tight  selection  of 
this  material. 


> 


fig. 5  Pyroelectric  voltage  sensitivity  versus  chopper 
frequency.  Same  data  as  fig.4,  except  X=7.8  cm. 


fig.  7  Pyroelectric  voltage  respons''j  due  to  H.F.  heating  and 
corresponding  measuring  circuit,  heating  time:  6.47  ms;  f= 
500  KHz;  DV=  13.6  mV. 


fig. 6  Black  body  temperature  effect  on  the  pyroelectric 
response.  X=4  cm,  f=217  Hz. 
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6-  Agplication 


(4]  F.  Bauer.  US  patent  461 1260. 


A  prototype  infra  red  sensor  using  a  32  x  32 
copolymer  focal  plane  array  has  been  elaborated 
(fig.  8).  After  the  development  of  the  hybrid  technology  [7],  it 
marks  a  new  step  in  the  research  of  a  low  cost  -  large  scale 
I.R.  sensors  applied  to  civilian  applications,  with  the 
adaptation  of  the  I.C.  technology  to  polymer  materials 
(reticulation,  via),  and  the  feasibility  of  a  poling  procedure 
applied  across  the  whole  heterostructure.  This  investigation 
is  conducted  within  the  European  Prometheus-Pro  Chip 
program  dedicated  to  increase  the  safety  in  road  traffic.  It  is  a 
part  of  a  multisensing  system,  used  as  a  passive  I.R.  obstacle 
detector  and  is  intended  to  provide  information  together  with 
other  active  I.R.  and  microwave  sensors  to  an  on-board 
computer  in  a  car. 

Thermal  imager  is  another  type  of  application  opened 
to  this  technology,  with  an  extension  of  the  array  to  a  128  x 
128  elements,  already  available. 


[5]  A.  Reynes,  D.  Esteve,  J.  Fanrd,  V.V.  Pham  and  J.J. 
Simonne. 

‘Elaboration  and  prorerties  of  a  linear  pyroelectric 
PVDF  FPA‘.  SPIE  Vol  fifiS  FPA  Technology  and 
Applications,  pp.  40-44  (1987). 

[6]  NP  Hartley,  PT  Squire,  EM  Putley 

”A  new  method  of  measuring  pyroelectric  coefficients 
J.  of  Physics  E  Vol  5  Scientific  Instruments,  pp.  787 
789  (1972). 

[7]  See  for  inst .  R.  Watton. 

’Ferroelectric  detection  and  imaging*. 

Proc.  6  th  IEEE-ISAF86  pp.  172-181  (1986) 


fig. 8  View  of  the  I.R  sensor. 
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Abstract 

The  paper  presents  the  analytic  expressions  of 
the  effective  second  order  nonlinear  coefficients 

d^^*  and  d  **  for  five  groups  of  biaxial  crystals  in 

the  coordinate  planes  of  optical  ellipsoid.  Using 
these  expressions,  the  coefficient  value  can  be 
derived  easily  without  numerical  calculation  for  every 
point  in  the  phase  matching  curves. 

Keywords:  biaxial  crystal,  analytic  expression, 

effective  nonlinear  coefficient 

Introduction 

Recently,  with  the  development  of  new  nonlinear 
materials,  more  and  more  biaxial  crystals  are  used  In 
second  order  nonlinear  optical  interactions,  such  as 
second  harmonic  general ion(SHG) ,  sum  frequency(SF), 
difference  f requency(DF)  and  optical  parametric 
osci  1  lat  lon(OPO) .  In  order  to  get  the  optlmiiui 
phase  matching  angles,  we  have  to  compute  the 
phase  matching  curves  and  calculate  the  effective 
nonlinear  coefficient  for  every  point  In  the  curves 
either.  Sets  of  specific  computer  programs  have  to  be 
developed,  but  they  are  complex  to  the  users.  In  fact, 
whenever  we  use  the  biaxial  crystals,  the  light 
propagation  directions  are  usually  in  optic  principal 
axial  planes.  For  example,  in  KTP  crystal,  the  optimum 
phase  matching  direction  of  SHG  from  1.064pm  to 
0.  532pm  Is  in  ttie  plane  of  xoy,  and  the  optimum  phase 
matching  direction  of  OPO  is  in  the  plane  of  xoz  or 
xoy,  etc.  .  Therefore,  we  can  simplify  the  effective 
nonlinear  coefficient  expressions  In  optic  axial 
planes.  Using  brief  calculation,  the  effective 
nonlinear  coefficient  value  will  be  obtained 
Immediately. 


The  Expressions  of  the  Effective  Nonlinear  Coefficients 


in  the  Coordinate  Planes  of  Optical  Ellipsoid 


From  paperll],  it  is  obvious  that  in  second  order 
nonlinear  optical  interaction,  such  as  SHG,  SF.  DF  and 
OPO,  the  expressions  of  effective  nonlinear 
coefficients  of  type  I  phase  matching  are  all  the 
same,  which  are 

T 

d  ’  (e,0,6)=(a'^)  (d  )  (a'‘a'‘)  (1) 

ef  f  I  la  J  k 

Same  as  the  expressions  of  type  II  phase  matching, 
which  are 

d  ”  {e,0,3)=d  “*(e,0,5)=d  “®(e,0,6) 

err  err  err 


=  (a-)  (d,^)  (a-a-I  (2) 

where  0,  4>  represent  the  propagation  direction  in 
the  principal  refractive  indices  coordinate,  S 
represents  the  polarization  direction  of  correspondent 
electric  field,  ei  and  ea  represent  the  polarizations 
of  slower  light  and  faster  light  respectively. 

Matrixes  of  (a'^ ) , (a*'a*' ) , (a**a*^ )  are  given  In 
I  )  k  J  k 

paperi2l.  Both  formula(l)  and  formula(2)  are  used  in 
the  optical  ellipsoid  coordinate  system,  which  is  same 
with  the  principal  refractive  Indices  coordinate 
system  o-xyz.  Therefore,  the  nonlinear  optical 


coefficient  matrix  (d  )  must  be 
la 

system  either.  But  usually 


(d  ) 
la 


calculated  in  this 
is  decided  by  the 


crystal  symmetry, 
crystal  physical 
O-XYZ,  which 
crystallography 


That  is.  It  is  related  to  the 
principal  axial  coordinate  system 
Is  also  different  from  the 
axial  coordinate  system  o-abc. 


Therefore,  the  formations  of  (d  )  in  the  system  of 

lo 

physical  principal  axial  coordinate  must  be 
transformed  into  the  formations  in  the  system  of 
principal  refractive  indices  coordinate.  Considering 
that,  there  are  6  possible  correlations  between  the 
axes  of  x,y,  z  and  axes  of  X,Y,Z.  For  five  biaxial 
crystal  groups,  30  different  expressions  of  are 

possible,  (d  )  Is  a  3x6  matrix.  It  can  be  written  as 
la 

a  three  order  tensor,  which  Is 

X'  =T  1  T  X  (3) 

1  J  k  I  I  ja  k  n  1 »n 

where  T  represents  the  transformation  matrix  between 
the  two  coordinate  systems.  In  Table  1,  30  kinds 

expressions  of  are  given  in  detail.  In 

principal  refractive  indices  coordinate  plane,  the 

matrixes  of  la'^  ) , (a* ’a*’ ) ,  (a* '  a*^ )  can  be  simplified. 

1  J  k  J  k 

So  do  the  effective  nonlinear  coefficient  expressions, 
which  are  got  from  Eq.(l)  and  Eq.  (2)  Following,  we 
will  give  the  results. 
l)d^^^  for  type  I  phase  matching 

(l)ln  xoz  plane,  ^=0,  n  Is  the  optic  axial  angle 
e<n,  5=n/2, 


d  =(-cos0  0  sin0  )  (d  ) 
err  la 


e>n,  6=0, 


(4) 


d  =(  0  1  0  )  (d  ) 

err  la 


2„ 

cos  0 


sin  0 
0 

-sln20 

0 


(5) 


{2)in  yoz  plane,  0=ii/2,  6=0 


d  '=(  -1  0  0  )  (d  ) 

err  ia 


(3) in  xoy  plane,  0=n/2,  6=0 


2„ 

cos  0 


sin^0 


-sln20 

0 

0 


(6) 
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d  *»(-sln4  cos^  0  )  (d  ) 
•  ff  la 


0 

0 

1 

0 

0 

0 


(7) 


2)d  for  type  II  phase  matching 

(l)ln  X02  plane,  ^=0,  n  Is  the  optic  axial  angle 

e<a  ,  5=11/2, 

0 
0 

0  I  (8) 

slna 
0 

-cose 


d  =(-cos0  0  sine)  (d  ) 

ef  f  la 


e>n,  5=0, 


d  =(  0  1  0  )  (d  ) 

err  la 


(2)lnyoz  plane,  ^n/Z,  5=0 


0 

0 

0 

-sine 

0 

cose 

0 

0 

0 

0 

sine 

-cose 


(9) 


(10) 


(3) in  xoy  plane,  e=ii/2,  5=0 


d  **  =(-sln^  cos^  0)  (d  ) 

ef  f 


0 

0 

0 

-cos^ 

sln^ 

0 


(11) 


Putting  (d  )  matrix  of  every  group  and  every 

1  ot 

correlation  In  Table  1  Into  Eq.  (4)  — (11),  we  will  get 

simple  analytic  expressions  of  d^^|  and  d^*^  for  five 

groups  of  the  biaxial  crystals  In  principal  refractive 
Indices  coordinate  planes.  Table  2  gives  the 

expressions  of  d  *  and  d  ”  for  biaxial  crystals  of 
^  e  f  f  ®  f  f 

orthorhombic  group  mm2,  which  are  used  often.  The 
expressions  of  biaxial  crystals  of  orthorhombic  222, 
monocllnlc  2,  monocllnlc  m  and  trlcllnlc  I  can  be 
obtained  In  similar  way.  Considering  the  length  of  the 
paper,  we’ll  not  provide  In  detail. 


propagation  directions  were  In  tl>e  yoz  plane  and  xoy 
plane  respectively.  And  both  of  them  are  In  the 
principal  refractive  Indices  coordinate  planes.  From 
the  experiment,  we  get  the  conclusion  that  the  SHC 
efficiency  of  KTP  crystal  Is  higher  on  the  condition 
that  the  light  direction  Is  in  xoy  plsme. 

In  theory,  KTP  crystal  is  of  orthorhombic  mm2 
group.  Its  correlations  between  the  axes  of  x,y,z  and 
axes  of  X,Y,2  are  x=X,  y=Y,  z=Z.  From  Table  2,  we  know 
that, 

112  2 
In  xoy  plane  d  =~d  sin  ^  -d  cos 
^  e/f  IS  24 

In  yoz  plane  d  *^=~d  sin0, 

^  tiff  15 

Put  ^21.3*,  e=67.8‘.  d  =6.  Ixl0'‘^(m/v), 

IS 

d^^=7.6xl0  *^(m/v)*^  Into  equations  given  above,  we 
will  obtain  that 

In  xoy  plane  d  ’*=-7.402x10  ’^(m/v), 

in  yoz  plane  d  ’’=-5.648x10  ’^(m/v). 

That  Is  to  say,  the  SHC  efficiency  In  xoy  plane  is 
higher.  It  coincides  with  the  experiment. 

Thus,  we  get  the  simple  «malytlc  expressions  of 
the  effective  nonlinear  coefficients  for  five  groups 
of  biaxial  crystals  In  the  optical  ellipsoid 

coordinate  planes.  They  are  convenient  for  the  users. 
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Experiment 

The  experiment  studies  of  SHG  at  1.064pm  were 
performed  In  two  KTP  crystals  with  same  thickness. 
One  was  cut  with  a  phase  matching^  angle  of  ^=90  , 
0-67. 8°.  Another  was  cut  with  6=90  ,  ^=21.3  .  Their 


32 


TRANSFORMATION  MATRIXES 


O  O  ‘O' 


TJ  O  O 


•o  o  o 


A  t  » 

O  TJ  *0  ^ 


-0  0  0  S 


S  S  2  ^ 

■D  TJ  TJ  C 

fifing 

TS  TJ  -O  Z 


O  T)  O  4) 

c.  1 

O  Tj”  O  ^ 


Pi 

TJ  O  Q 


m  n  n  41 

-g 

a  a  2  S. 

■O  TJ  TJ  4j 


2  S 

“D  -O  C> 


2  «  IC 

TJ  "O  TJ 

2  s  a 

X>  “O  *0 


2  a  Si 

TJ  TJ  *0 

n  r»  n 

»•  A  M 

TJ  -O  'D 


n  N 

■O  Tj"  TJ 


a  2 

•O  TJ  o 


a  2  a 

TJ  -O  TJ 

s  2  a 

T5  ^  ^ 


a  tv 

■0  0^0 


0*0  0 
O  TJ^  O  a 

«  7 

«  « 

0-0  0  N 


-  -  7 

«  *•  n 

■=  ®  7  ,- 

N  f* 

Tj”0  f  « 

s  :  7 


a  a  2 

*0  y  TJ 

'a  a  2 
7  7’’® 

Tj”  y’’ 

3  3  2 

■O  TJ 
n  «  n 


V  TJ  *0 


a  rt 

O  TJ  o  i 

—  O  n 
■o  TJ  t> 


2  2  3 

TJ  -O  "O 


-  N  a 

■o  *0  TJ 
m  w  ^ 

TJ  TJ  ^ 

♦  ♦  ♦ 

-  M  S 

TJ  TJ  TJ 

"Sr 

■o"  -o"  TS^ 


Table  2.  d  *  d  **  Foraations  of  Orthorhoablc  Ma2  Croup  in  the  Coordinate  Planes 


34 


The  Concept,  Effects  and  Possible  Applications  of 
Optical  and  Acoustical  Superlattices 

Nai-ben  Ming 

National  Laboratory  of  Solid  State  Microstructures,  Nanjiiit; 
University,  Nanjing  210008,  P.  R.  China 


Abstract 

The  physical  properties,  such  as  nonlinear  optic  coeff¬ 
icient,  electro-optic  coefficient  and  piezoelectric  coefficient,  in 
a  ferroelectric  single  crystal  with  regular  laminar  domains  are 
not  constant  but  periodic  or  quasiperiodic  function  of  spatial 
coordinates,  such  a  crystal  may  be  called  an  optical  or  acousti¬ 
cal  superlattice.  In  this  paper,  an  overview  will  be  given  of  our 
experimental  and  theoretical  results  on  the  concept,  novel 
effects  and  new  applications  of  the  optic  and  acoustical  super- 
lattices. 


Introduction 

Early  in  1962,  Bloembergen  et  al.  showed  that  with 
periodic  modulation  of  nonlinear  susceptibilities,  enhancement 
of  nonlinear  optical  processes  may  be  achieved  with  quasi¬ 
phase-matching  [1].  Inspired  by  this  theoretical  consideration, 
the  first  sample  of  the  optical  superlattice  have  been  realized 
in  LiNb03  crystals  with  periodic  laminar  ferroelectric  domains 
[2-4].  Enhancement  of  frequency  doubled  light  output  is 
observed  verifying  theoretical  predictions  [5].  Recently  the 
experimental  and  theoretical  results  show  that  it  is  possible  to 
use  the  optical  superlattices  to  obtain  the  second-harmonic 
generation  of  blue  light  [6,7],  the  second-harmonic  spectrum  [8], 
the  third-harmonic  generation  directly  [9],  to  design  a  novel 
modulatable  four-path  splitter  [  10]  and  to  generate  blue  laser 
light  directly  f'-om  a  diode  laser  using  a  waveguide  system  with 
superlattice  sta'Cture  [11-14].  On  the  other  hand,  the  excitation 
and  propagation  of  elastic  wave  in  an  acoustic  superlattice  has 
been  analyzed  and  the  resonators  and  transducers  with  high  fre¬ 
quencies  up  to  1000  MHz  have  been  fabricated  by  using  the 
acoustic  superlattices  of  LiNbOj  and  BajNaNbjOij  crystals  [15- 


Concept  of  Optical  and  Acoustical  Superlattice 

As  an  example,  a  ferroelectric  single  crystal,  such  as  a 
LiNbOj  (LN)  single  crystal  with  periodic  laminar  ferroelectric 
domains  (PLFDs),  is  shown  in  fig.  1(a).  The  arro'vs  in  (he 
figure  indicate  the  directions  of  the  spontaneous  polarization  of 
domains.  Note  that  from  one  domain  lamella  to  (he  next  the 
spontaneous  polarization  are  opposite  which  is  equivalent  to  a 
rotation  of  180"  of  the  next  lamella  around  X-axis,  as  shown  in 
fig.  1  (a).  In  so  doing,  or  according  to  the  reference  [20]  and 
the  crystallographic  relationship  between  positive  domain  and 
negative  domain[21],  the  physical  properties  of  next  lamella 
associated  with  the  odd-rank  tensor,  such  as  nonlinear  optic 
coefficient,  electro-optic  coefficient  and  piezoelectric  coefficient 
should  change  its  sign  from  "+"  to  as  shown  in  fig.  1(b).  In 
this  single  crystal,  the  physical  properties  are  not  constant. 


instead,  they  are  periodic  function  of  spatial  coordinates.  If  the 
periodicity  can  compare  with  optical  wavelength  and  acoustical 
wavelength,  this  crystal  may  be  called  optical  supcrlaiiice  (OSI.) 


Fig,  1.  Schematic  diagram  of  optical  and  acoustical  supcrlatt- 
ice.  (a)  A  single  LiNbOj  ciystal  with  periodic  laminar  ferro¬ 
electric  domains,  (b)  Corresponding  nonlinear  optical 
coefTIcient  as  a  periodic  function  of  x. 

or  acoustical  superlattice  (ASL).  As  an  example,  the  optical 
micrograph  of  OSL  of  LN  revealed  by  etching  is  shown  in  llg. 
2.  The  period  of  the  OSL  is  6.8  pm  which  is  two  times  of  the 
coherent  length  of  the  second-harmonic  generation  in  LN 
crystal  for  fundamental  wavelength  of  1.06  pm.  Examples  of 
this  kind  of  OSLs  and  ASIs  include  LiNbOj,  LiTaO,  (LT)  [22], 
Ba,NajNbO,5  (BNN)  [17]  and  (NH,CII,COOIl),II,SOj  (TGS) 
[23],  have  been  prepared  in  my  lab.  In  general,  a  material, 
which  optic  and  acoustic  properties  are  a  periodic  or  quasi¬ 
periodic  function  of  spatial  coordinates  and  its  reciprocal 


Fig.  2,  The  optical  micrograph  of  optical  supcrlatticc  of  Ll- 
NbO,  revealed  etching.  The  period  a■^b  is  6.8pm. 


vectors  are  comparable  with  the  acoustic  or  optic  wave  vectors, 
can  be  called  OSL  and  ASL.  By  periodic  or  quasiperiodic 
modulation  of  microstructures,  including  the  ferroelectric  and 
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ferroelastic  domain  structures,  the  compositions  and  the  crystal¬ 
lographic  orientations,  OSLs  and  ASLs  can  be  obtained. 

The  Enhancement  of  Second  llurmciic  Ge  i- 
eration  in  LiNbO,  Optical  Superlaitices 

There  are  two  methods  to  ol)t:iin  second  harmonic 
generation  (SIIG)  with  high  efficiency.  One  is  phase  iiiatching 
(PM)  which  is  commonly  used.  Ihe  other  is  quasi-phase- 
matching  (QPM)  proposed  by  Blocmbcrgcn  j  1  j.  The  QPM  can 
be  realized  only  in  an  OS!..  In  general,  the  superlattice  is 
described  by  the  reciprocal  vector  which  mtignitude  is 
g„  =  n  2Tr/(a-rb)  (I) 

and  direction  is  perpenilicular  to  the  domtiin  layer,  where  a  and 
b  are  the  thicknesses  of  positive  and  negatisc  ilomtiins,  a-t-b  is 
the  period  of  the  OSL,  2Tr/(a-t-l>)  is  a  primitive  reciprocal 
vector  iind  n  is  tin  integer.  In  fact,  QPM  is  thtit  the  mismtttch 
of  wave  vectors  between  second  harmonic  wave  and  the  fundti- 
mcnt:il  wave  is  compensated  by  the  reciprocal  vector  in  the 
OSL.  As  we  known,  the  non  inear  t  otical  coefficient  il„  of  I.N 
is  commonly  used  and  can  iie  phase  matched.  However,  the 
largest  nonlinear  optical  coefficient  ci,,  is  6.2-8.‘)  times  larger 
than  d,|  [21]  and  ctin  not  be  phase  matched.  If  we  can  utilize 
dj,  by  quasi-phasc-maiching  (QPM),  the  enhancement  of  second 
harmonic  generation  (SI  IG)  in  an  OSL  of  LN  is  possible.  The 
SM  intensity  of  LN  with  superlattice  structure  fulfilling  QPM 
conilition  for  dy,  has  been  compared  with  single  domain  crysitil 
fulfilling  PM  conilition  for  d,,.  An  orilcr  of  mtignitude  enha¬ 
ncement  predicted  theoretically  has  been  retilized  [.‘'j. 

The  Enhancement  of  SHG  in  LiTaO, 

Optical  Superlaitices 

LiTaOj  is  a  positive  uniaxial  crystal  with  small 
birefringence,  so  it  can  not  fulfil  the  phase  matching  (PM) 
condition  with  birefringence.  Therefore  this  m.'itcrial  has  not 
been  utilized  as  a  nonlinear  opiicttl  crystal,  although  it  has  siz¬ 
able  nonlinear  optical  coefficient.  We  htive  utilized  OSL  of  LT 
to  obtain  the  SHG  of  1.06  /am,  ttnd  the  SIIG  efficiency  about 
1,*'%  has  been  reached  [22]. 

The  SHG  of  Blue  Light  in  LiNbO^ 

Optical  Superl.'ittices 

We  have  used  a  OSL  of  LN  with  thickness  of  0.78  mm 
to  generate  4.70-4.7.S  nm  radiation  by  quitsi-phtisc-matchcd 
frequency  doubling  ;it  room  tempcnitiire.  Blue  light  otitput  of 
0.2  energy  has  been  obtained  for  'nput  energy  of  .S  of 
fundamenttil  wave  [7].  From  the  limited  dtila  of  SHG  of  blue 
light  and  the  systematic  studies  of  fundamentals  of  OSL,  we 
conchide  that,  with  the  OSL,  the  dcm.tnds  for  a  miniaturized 
and  compact  device  of  generation  of  blue  light  by  frcqtiency 
doubling  of  ;i  hiser  diode  for  a  vtiriety  of  applications  including 
optical  data  storage  can  be  met. 

Enhancement  of  the  Third  Harmonic  Genertition  in 
Ouasi-periodic  Optical  Superlattice  (OP-OSL)  of  LN 

Hcietilter  we  shtill  take  LiNbO,  crystals  with  lamin.ir 
ferroelectric  domtiin  structures  as  an  example.  In  such  ;i 
material,  the  directions  of  spontaneous  polarizations  in  success¬ 
ive  domains  are  opposite,  as  are  the  signs  of  nonlinear  optical 
coefficients.  This  structtire  forms  a  one-dinicnsional  (117) 
superlattice  for  nonlinear  optical  effect.  On  this  basis,  a  quasi- 
periodic  optical  superlattice  (QP-OSL)  can  be  constructed.  It 


consists  of  two  fundamental  blocks  of  A  and  B  arranged  accord¬ 
ing  to  the  production  role  Sj  =  S,.,:Sj,2,  for  j>3  with  S,  =  A  and 
83  =  AB,  where  ;  stands  for  concatenation.  Both  blocks,  A  and 
B,  are  composed  of  one  positive  and  one  negative  ferroelectric 
domain  as  shown  in  fig,  3,  where  a^  and  a„  represent  the 
thicknesses  of  the  positive  domains  in  block  A  and  B,  and  b, 
and  bp  represent  the  thicknesses  of  the  negatixe  ones.  Let 
a,y  =  an  =  l,  b,y  =  1(  1 -t- 4 ).  b|,  =  l(l-t4),  where  I,  4  and  t  are 
adjustable  structure  parameters  during  the  design  of  a  OP-OSL. 
The  sequence  of  the  blocks,  ABAABABA.  ..  produces  a  OP- 
OSL,  see  Fig.  3.  W'ith  the  OP-OSE  a  series  of  recipriK'al 
vectors  can  be  provided  to  compensate  the  phase  mismatches 
of  the  optical  parametric  processes  in  the  material.  L  nlike  the 
periodic  OSL  which  has  reciprocal  vector,  see  eq.(  1 ).  a  OP-OSL 
provides  reciprocal  vectors  governed  by  two  integers,  which  has 
liie  form 

Emn  =  2Tr(m-t-nT)/D  (2) 

where  D  =  TE-i-lf,,  with  the  golden  ratio  t  =(l-f/5)/2; 
l,y  =  a,y-t-b,y  and  l|,  =  a|,-t- b„  are  thicknesses  of  fundamental  blocks 
of  A  and  B,  as  shown  in  fig.  3.  It  is  clear  that  the  reciprocal 
vectors  of  the  OP-OSL  can  be  adjusted  by  I.  4  and  t.  Because 
/f  this  properly,  some  coupled  optical  parametric  processes  will 
be  likely  to  o-ciir  in  the  OP-OSL  with  efficient  conversion.  The 
process  of  the  third  harmonic  genertition  (  I  llG)  discussed  here 
is  a  coupled  parametric  process,  e.g.,  the  SHG  process  and  the 
frequency  up-conversion  process  (FL'P).  w  hich  mixes  the  lundti- 
mentai  frequency  with  the  second  harmonic,  are  coupled  in  this 
OP-OSL.  As  just  mentioned  above,  there  are  more  series  ol 
reciprocal  vectors  in  OP-OSL  than  that  in  the  pcrioilic  super- 
lattice  and  we  can  adjust  the  structure  parameters  I.  4.  t  during 
design  the  superlattice.  In  tb's  case,  it  ix  poxxibic  to  design 
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Fig.  3.  Quasi-pcriodic  optic  superlattice  made  of  a  single  Li¬ 
NbO,  crystal  (the  arrows  indicate  the  directions  of  the  sponta¬ 
neous  polarization),  (a)  The  two  building  blocks  of  a  QP-OSL, 
each  composed  of  one  positive  and  one  negative  rcrrocleclric 
domain,  (b)  Schematic  diagram  of  a  QP-OSL. 

and  prepare  a  QP-OSL  with  two  special  reciprocal  vectors. 
One  is  used  to  compensate  the  mismatch  of  wave  vectors  in  a 
SHG  process.  The  other  is  used  to  compensate  the  mismatch 
of  wave  vectors  in  the  frequency  up-conversion  process.  By 
adjusting  the  parameters  properly,  the  optimum  condition  has 
been  found,  which  is  1=6.08  gm.  4=0.01  and  t=  l.W  with  the 
third  harmonic  intensity  I(3(o)~  122(XX)  K;  where  K  is  a  constant 
when  incident  light  are  given.  To  obtain  an  appreciation  for 
the  enhancement  of  the  third  harmonic  available  in  our  case, 
consider  a  commonly  used  two-step  process.  The  second 
harmonic  is  generated  in  the  first  LiNbO,  crystal  using  the 
nonlinear  coefficient  d„  with  phase  matching;  then  it  mixes  with 
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the  fundamental  frequency  in  the  second  LiNbO,  using  the 
same  nonlinear  coefficient  and  PM;  and  the  relative  output 
intensity  of  THG  is  1(3(»))- 1  l.OOOK.  Compared  with  it,  the 
enhancement  of  THG  in  our  case  is  increased  by  an  order  of 
magnitude,  which  is  favourable  to  the  practical  applications. 
A  detailed  theoretical  analysis  of  SHG  and  THG  in  the  QP- 
OSL  has  been  published  in  reference  [9j. 


Resonator  Made  of  Acoustical 
Superlattices  of  LiNbO, 

For  a  periodic  acoustical  superlattice  (ASL),  by  using 
Green’s  function  metho  1  to  solve  the  elastic  wave  equations, 
the  electric  impedance  of  resonator  can  be  derived,  then  the 
resonance  frequency  can  be  obtained,  which  is 
f„  =  n  v/(a  +  b),  n=  1,2,3...  (3) 

where  v  is  the  velocity  of  the  longitudinal  wave  propagating 
along  the  z  axis.  It  is  worth  noting  that  the  resonance  fre¬ 
quency  are  determined  only  by  the  periodicity  of  the  ASL,  a  +  b, 
not  by  the  total  thickness  of  the  wafer.  As  we  know,  the  thick¬ 
ness  of  a  resonator  working  at  several  hundred  mega-hertz  with 
ordinary  materials,  such  as  the  single  domain  LiNbO,  crystal,  is 
too  thin  to  be  fabricated  by  regular  processing  techniques.  Ho¬ 
wever,  it  is  easy  to  grow  the  ASL  of  LiNbOj  crystals  with  the 
thickness  of  each  lamellae  of  several  microns  [15-17,  24-30). 
Therefore,  it  is  possible  to  fabricate  the  acoustic  devices  oper¬ 
ating  at  frequencies  of  hundreds  MHz  to  several  GHz  by  using 
the  ASL.  A  set  of  resonators  with  working  frequencies  in  the 
range  of  500-1000  MHz  has  been  made  of  the  ASL  of  LiNbOj 
crystals  [15].  The  measured  and  calculated  resonance 
frequencies  are  listed  in  Table  I.  It  indicates  that  the 
experimental  values  are  very  close  to  the  theoretical  ones. 


Table  I.  Relationship  between  the  Resonance  Frequency  f,  and 
the  Periodicity  a  +  b  of  LiNb03  Acoustic  Superlattice 


Resonantor 

Periodicity 

Frequency  of  Resonance 

Error 

of  ASL,  a  +  b  f„ 

MHz 

(%) 

(pm) 

cal. 

mes. 

No.l 

7.4 

989 

975 

1.4 

No.2 

8.2 

892 

882 

1.1 

No.3 

10.0 

732 

710 

3.0 

No.4 

11.0 

665 

686 

3.0 

No.5 

13.2 

554 

552 

0.4 

No.6 

13.3 

550 

553 

0.5 

Resonators  Made  of  Acoustical 
Superlattices  of  BajNaNbjOu 

BajNaNbjO,,  (BNN)  possesses  not  only  superior  electro- 
optical  (31)  and  nonlinear  optical  properties  [32]  but  also  good 
acoustic  properties  [33,34].  In  particular,  the  z-cut  plate  of  this 
material  has  a  thickness  longitudinal  mode  coupling  factor  0.57 
[33]  which  is  about  three  times  large  than  that  of  LN.  Hence, 
this  materia'  is  useful  for  ultra.sonic  device  applications.  As  we 
know,  the  microtwinning  is  often  appeared  in  as-grown  BNN 
crystal  and  the  detwinning  procedure  is  complex  [35].  After  the 
study  of  the  influence  of  microtwins  on  the  performance  of 
these  materials,  that  is.  by  transformation  on  the  component  of 
piezoeleetric  tensor  from  the  untwined  eoordinate  system  to  the 
twinned  coordinate  system,  we  concliule  that  the  component  of 


the  piezoelectric  tensor,  h,,.  keeps  eonsunn  irmn  one  laneila  to 
the  next  t)ne.  Nameiy,  microtwins  h.r.c  no  liiiiuonee  on  acous¬ 
tic  resonance  properties  of  the  /sSI.  arranged  .ilong  itte  z  a.sis, 
and  a  longituilinal  planar  ua\e  is  eveiietl  .ili'ng  Pie  i  tixis  in  his 
case.  A  set  of  resonators  with  working  freiiueneie'  in  the  ra.ige 
of  200-400  MHz  have  been  made  of  the  ,ASI  of  l!\.\  crystals 
The  measured  resonance  frequencies  are  vciv  close  to  the 
theoretical  ones  Both  experimental  ;ind  iheorciical  rcstih^ 
show  that  ’.he  resonators  of  B.NN  ASI.  htive  low  ticoiistic  loss 

[17]. 

Transducers  .Made  of  Acoustical  Super- 
hittice  of  LiNbO,  Crystals 

After  study  of  the  elastic  wave  equation,  the  electrical 
impedance  of  a  transducer  made  of  Af  r.  has  been  obtained 
which  is  a  function  of  the  number  of  laminar  domains  N  and 
area  of  electrode  A  [16].  For  transducers  made  of  regular 
material,  such  as  a  single  domain  LN  crystal,  under  high 
frequency  operation  the  static  capacitance  is  the  main  part  of 
the  impedance  at  resonance  frequency.  As  a  result,  the  ins¬ 
ertion  loss  of  transducer  is  very  high.  In  our  case,  the  real  part 
of  the  impedance  can  be  equal  to  or  even  large  than  the 
imaginary  part  by  choosing  N  and  A  suitably.  The  transducers 
thus  will  have  an  insertion  loss  near  0  dB  in  a  50fl  meas¬ 
urement  system.  A  set  of  trtmsducers  with  working  frct|uencies 
in  the  range  of  300-800  MHz  have  been  made  of  the  ASL  of 
LN.  A  typical  experimental  rcstilt  shows  that  an  insertion  loss 
of  near  0  tIB  tit  555  MHz  is  tichievcd,  which  is  in  good 
agreement  with  the  theory,  and  the  3  dB  bandwidth  of  the 
transducer  is  5.8%  [16]. 

Conclusions 

Based  on  the  studies  of  ferroelectric  domain  structures 
and  the  influence  of  growth  striations  on  para-ferroelectric 
phase  transitions,  a  new  type  of  crystals  with  periodic  or  quasi- 
periodic  laminar  ferroelectric  domains  has  been  prepared  .  It 
has  been  demonstrated  that  this  kind  of  crystals  produce  signifi¬ 
cant  effects  in  optical  and  acoustical  wave  processes  and  can  be 
used  as  new  types  of  devices  for  a  variety  of  applications  in  the 
opto-electric  and  acousto-electric  field.  We  believe  that  it  is 
possible  to  use  modern  experimental  techniques  to  control  the 
microstructures  and  thus  to  develop  a  new  types  of  synthetic 
materials  with  pre-designed  microstructures. 
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Lead  calcium  titanate  ceramics  (PTC)  show 
properties  that  make  them  excellent  candidates  for 
pyroelectric  .sensors. 

In  the  present  work,  a  new  system  to  improve 
greatly  the  performance  of  lead  calcium  titanate  ceramics  for 
infrared  .sensor  is  propo.sed.  The  main  characteristic  of  the 
system  would  be  its  capability  to  integrate,  on  same 
substrate,  different  thin  film  optical  filters  with  defined 
geometries,  in  order  to  obtain  arrays  of  optical  filters.  Each 
point  on  the  substrate  would  correspond  to  a  filter  with  a 
previously  defined  wavelength  profile 

The  first  achievement  of  the  system  proposed  is  the 
obtention  of  a  multispectral  substrate  with  different  optical 
filters  integrated  in  the  .same  plane,  that  correspond  to  the 
focal  plane  of  the  pyroelectric  PTC  .sensor. 

This  concept  would  allow  to  obtain  multispectral 
integrated  sensor  or  "retinae",  by  hibridid  or  monolithic 
coupling  of  the  filters  on  the  pyroelectric  detector  in  the 
same  or  very  close  substrate  (focal  plane) 

The  results  of  the  preliminary  experiments  carried 
out  have  demonstrated  the  feasibility  of  the  .system  proposed. 
Thin  film  optical  filter  with  appropriate  size,  position  and 
homogeneity  have  obtained  combining  different  vacuum 
evaporated  multilayer  on  the  substrate. 

At  the  same  time,  experimental  results  of  the 
pyroelectric  response  of  the  PTC  are  shows. 


1.-  INTRODUCTION 

Work  on  new  infrared  (IR)  sensors  is  at  present 
centred  on  the  development  of  focal  plane  arrays  [  1  ]  for  their 
use  in  imaging  systems,  and  in  the  search  for  new  materials 
|2.3|. 


One  of  such  materials  is  calcium-modified  lead 
titanate  in  ceramic  form  (4|.  It  behaves  as  a  good 
pyroelectric  material  because  it  has  a  high  pyroelectric 
coefficient,  y,  a  small  dielectric  con.stant,  e*,  and  a 
moderately  high  Curie  temperature.  It  also  happens  that  it 
is  sensitive  to  a  broad  band  of  wavelengths.  In  applications 
such  as  astronomical  measurements,  spectro.scopic  analysis 
of  gases,  and  IR  signature  identification,  it  is  necessary  to 
have  with  wavelength  selection  capability;  and  this  is 
generally  achieved  by  putting,  before  the  detectors,  a  device 
with  one  or  more  optical  filter,  that  are  mechanically  or 
manually  selected  in  order  to  have  specific  wavelengths. 

In  this  paper  a  study  is  made  of  pyroelectric 
properties  of  ceramics  of  lead  titanate  modified  with  different 
amounts  of  calcium,  and  a  proposal  is  put  forward  to 
integrate,  over  a  pyroelectric  linear  array  of  Ca-modified 
lead  titanate  elements,  different  thin-film  interferencial  filters 
which  permit  the  selection  of  wavelengths.  The  integration 
over  the  pyroelectric  array  of  the  interferencial  filter  will 
have  .spatial  and  spectral  resolution,  and  can  therefore  he 
considered  as  a  .spectral  retina. 

2.-  THE  SPECTRAL  RETINA 

in  a  previous  paper  I.S)  a  discussion  was  made  of  the 
concept  of  spectral  retina,  which  basically  consists  on  the 
selection  of  a  certain  wavelength  by  a  narrow  band-pa.ss 
filter,  and  the  a.s.signinent  of  one  or  .several  pixels  from  a 
linear  array  of  sensors.  Each  detector  (pixel)  or  group  of 
them,  can  thus  produce  a  signal  proportional  to  the  optical 
power  received  within  the  band  of  wavelengths  defined  by 
the  filter  just  on  top.  This  is  sketched  in  Fig.  1. 
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Fig.  I.- FILTER  ARRAYS  COUPLED  TO  DETECTOR  ARRAYS  (SPECTRAL 
REHNA) 

Making  use  of  the  concept  of  spectral  retina,  it  is 
possible  to  design  many  configurations  of  interferential 
filters,  with  specific  spectral  hands  and  geometrical 
distributions  over  the  array  of  detectors.  The  number  of 
individual  detectors  to  be  covered  by  a  filter  will  depend  on 
the  characteristics  of  the  signal  to  be  detected.  The 
signal/noise  ratio  can  be  improved  with  respect  to  that  of  an 
individual  detector  by  a  factor  of  N''^,  N  being  the  number 
of  detectors  covered  by  each  filter,  because  the  signal 
delivered  by  the  detectors  adds  linearly  while  noise  adds  in 
quadrature  (6]. 

The  integration  of  spectral  retinae  may  be  achieved 
in  hybrid  form  (putting  the  array  of  filters,  deposited  on  a 
substrate,  over  the  detector  arrays)  or  in  monolithic  form 
(directly  integrating  the  filters  over  the  detector  arrays).  In 
the  former,  it  is  necessary  to  align  properly  both  arrays;  in 
the  latter,  the  detector  arrays  and  the  interferential  filter  films 
should  be  compatible  in  order  to  have  a  good  adhesion 
between  them. 

Two  different  techniques  arc  required  for  the 
manufacture  of  multispectral  arrays  of  IR  filters.  On  the  one 
hand,  optical  coating  techniques  so  as  to  obtain  the 
interferential  filters;  on  the  other,  photolithographic 
techniques  in  order  to  distribute  .spatially  the  filters  along  the 
substrate.  Optical  coating  techniques  are  usually  based  on 
vacuum  evaporation  deposition  proce.sses  (.sputtering  or 
chemical  vapour  deposition).  And  photolithographic 
techniques  (masking,  etching,  stripping,  etc.)  are  borrowed 
from  silicon  Microelectronics.  The  integration  capability  of 
filters,  prepared  with  these  techniques  should,  in  principle, 
be  similar  to  that  achieved  in  Microelectronics.  But,  in 
practice,  this  is  far  from  being  so,  becau.se  each  interferential 
filter  is  a  multilayer,  formed  by  15  or  more  different  layers, 
and  this  definitely  hinders  the  process  of  integration. 


However,  integration  levels  as  required  for  spectral  retinae 
are  easily  achieved. 

3.-  EXPERIMENTAL  RESULTS 

Ferroelectric  ceramics  of  nominal  composition 
[Tio  wi  (^0  5  COfl  5  )o  o4  ]  O, 

with  x  =  0.24,  0.30  and  0.35,  which  will  be  hence  be 
designated  as  PTC24,  PTC30  and  PTC35  resp>ectively,  were 
prepared  by  a  reactive  method  as  previously  described  (7]. 

These  ceramics  were  mechanized  into  disks  of  12 
mm  diameter  and  thickness  under  0.5  mm.  Which  were 
vacuum  coated  with  silver  on  their  flat  surfaces,  and 
polarized  by  applying  fields  of  70  (PTC24),  30  (PTC30)  and 
15  kV/cm  (PTC35),  at  120  °C,  and  cooling  down  to  room 
temperature  without  withdrawing  the  field. 
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Making  use  of  the  charge  integration  method, 
remanent  polarization  against  temperature  diagrams  have 
been  traced,  for  each  of  the  compositions  (Fig.  2a);  and  the 
pyroelectric  coefficients  have  been  obtained  as  derivates  of 
the  previous  curves  (Fig.  2b). 

Dielectric  permittivities  at  1  kHz,  have  been 
measured  with  an  automatic  impedance  bridge.  Fig.  3  shows 
values  of  this  quantity  as  a  function  of  temperature  for  the 
different  contents  in  Ca.  It  is  clear  that,  as  [Ca]  increases, 
the  maximum  value  achieved  by  «’  decreases  appreciably. 


Fig.  3.-  DIELECTRIC  PERMITTIVITIES  AT  I  kHz  FOR  EACH  OF 
THE  COMPOSTTIOS 

The  remanence  value  ot  the  piezoelectric  coefficient 
djj,  after  a  heating  process,  provides  some  insight  into  the 
reversibility  of  the  polarization  state  of  the  samples.  In  order 
to  get  this  information,  samples  were  heated  up  to  the  desired 
temperature,  which  was  maintained  for  30  minutes,  and  then 
cooled  down  to  room  temperature.  Before  and  after  each 
heating  process,  the  value  of  d,,  was  measured  in  a 
Berlincourt  djj-meter. 


Fig.  .-  THE  REMANENCE  VAI.UE  OF  THE  PIEZOELECTRIC 

coefucient  d,,.  atter  a  heating  process. 


In  Fig.  4  remanent  values  of  d,,  are  represented  against 
temperature  and  it  can  be  seen  that  the  trend  is  very  similar 
to  that  of  Fig.  2a. 

The  materials  that  have  been  studied  can  be  used  to 
prepare  linear  arrays  sensors  |8|,  over  which  arrays 'of 
interferential  filters  can  be  integrated.  The  response  of  the 
pyroelectric  array  pixels  is  very  similar  to  that  obtained  from 
individual  detectors  (8|. 

In  order  to  verify  the  possibility  of  obtaining 
interferential  filter  arrays,  we  integrated  two  narrow  band¬ 
pass  filters  on  a  silicon  wafer  by  lift-off  processes.  The 
filters  were  centred  on  1.32  and  1.55  ^m  and  were  obtained 
by  alternatively  depositing  layers  of  germanium  (high 
refractive  index)  and  of  silicon  monoxide  (low  refractive 
index).  The  multilayer  structure  of  the  former  one  is 

SILICON/  HLH  2L  HLH  L  HLH  2L  HLH/  AIR 

where  H  (L)  designates  a  layer  of  Ge  (SiO)  with  an  optical 
thickness  of  X/4  (at  1.4  /rm).  The  final  thickness  of  the 
filters  is  of  some  2.5  icm. 

The  use  of  lift-off  techniques  for  the  manufacture  of 
IR  filters  was  described  in  a  previous  paper  [5].  In  the 
present  case  the  resin  used  for  the  process  was  Dynachem  50 
cps,  which  was  spinner-deposited  on  a  silicon  wafer  at  2500 
rpm,  so  as  to  obtain  a  fil”i  of  2.25  /rm  aprox.,  and  then 
cured  at  90  °C  for  1  hour. 

After  eliminating  the  resin  from  the  zones  selected 
for  the  deposition  of  the  filters,  the  wafer  was  taken  to 
vacuum  chamber  so  as  to  deposit  the  interferential  (Fabry- 
Perot)  filter. 

The  elimination  of  the  resin  was  carried  on  with 
Macdermid  S43  stripper.  This  stage  is  the  most  critical  of 
the  integration  process,  because  the  total  etching  time  of  the 
resin  is  very  long  (about  12  hours  in  an  ultrasonic  bath)  and 
the  filters  may  get  damaged. 

Following  the  previous  process  we  have  prepared 
the  two  interferential  filters  of  which  transmission  curves  in 
the  infrared  are  presented  in  Fig.  5. 
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Fig.  5.-  SPECTROPHOTOMETRIC  TRANSMITTANCE  CURVES  OF  TWO 
NARROW  band-pass  FILTERS  CENTRED  AT  1.32  AND  1.55  fun 
INTEGRATED  ON  A  SlUCON  WAFER. 


4.-  CONCLUSIONS 
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Values  of  the  pyroelectric  coefficient,  dielectric 
constant  an  remanent-djj,  show  that  Ca-modified  lead  titanate 
is  an  excellent  pyroelectric  sensor.  The  choice  of  the  content 
in  Ca  will  depend  on  the  specific  application;  e.g.,  for 
temperatures  under  125  °C  the  most  adequate  would  be 
PTC30. 


Making  use  of  these  materials,  it  is  possible  to  build 
linear  sensor  arrays.  The  response  of  pyroelectric  array 
pixels  is  very  similar  to  that  of  individual  detector  [8]. 
Integrating  over  them  filter  arrays,  it  is  possible  to  obtain 
spectral  retinae,  with  spectral  and  spatial  resolution. 

The  possibility  of  integrating  several  filters  over  a 
substrate  has  been  proved  experimentally.  This  supports  the 
idea  of  achieving  multispectral  IR  sensors  (retinae)  consisting 
of  filter  arrays  coupled  to  detector  arrays. 
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Abstract 

Congruent  HgtUNbO^  with  Mg  concentrations 

0,  1.0,  2.7,  5.0  and  6.0  mol^  are  prepared.  A 

set  of  defect  models  as  consistent  with  ttie 

density  measurmient  are  proposed.  When  the  Mg 

concentration  (Mg)  beyonds  a  critical  value 

(Mg)-,  there  would  be  Nb-site  Mg  in  the  fom  of 
c 

”8u”SNb(l/3)^°Nb(?/3)°3  aPPeared  In  the  crys¬ 
tal.  The  (Hg)^  varies  as  the  ratio  Ll/Nb  of  the 

crystal  and  should  be  5.30  molli  for  the  congru¬ 
ent  crystal.  We  propose  that  the  optical  absor¬ 
ptions  of  the  reduced  crystals  are  due  to  de¬ 
fects  comprising  both  F  centers,  formed  under 
reduction,  and  different  types  of  dlpolarons. 
When  (Mg)  beyonds  (Mg)^,,  there  would  be  (Mgjj^- 

MgNb)-F-(MgLi-Nbjjb)  occured  in  the  reduced  cry¬ 
stal.  Which  causes  the  abruqpt  change  of  the  op¬ 
tical  absorption  of  the  crystal.  It  is  consis¬ 
tent  with  our  optical  absorption  measurement. 

Introduction 

The  optical  damage  due  to  laser-induced 
refractive  index  inhomogeneitle*  Is  strongly 
diminished  In  samples  grown  from  a  congruent 
melt  containing  MgO  above  a  critical  concentra¬ 
tion  (Mg)j,.  The  optical  absorption  features  and 

several  other  properties  of  the  thermal-chail- 
cal  reduced  (TCR)  crystal  exhibits  abrupt  chan¬ 
ges  when  (Mg)  is  raised  above  the  (Mg)^.  Which 

is  called  the  Mg-concentration  threshold  effect. 

The  abrupt  changes  ih  physical  properties 
of  the  TCR  crystal  indicates  an  abrvpt  change 
of  defec^  structure  In  the  crystal  when  the 
(Mg)  is  raised  above  (Mg)^.  The  main  purpose  of 

this  paper  is  to  demonstrate  the  relation  be¬ 
tween  the  (Mg)-threshold  effect  and  the  defect 
structures  of  the  congruent  Mg;LiNbOj. 

Defect  Models 

The  congruent  LlNbO^  has  the  composition 
(U20)5o_^(Nb^5)5O^x»  denotes  excess 

Nb205  in  the  crystal  and  in  the  present  study 
CH3080-0-7803-0465-9/92$3.00©IEEE  43 
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x-1.4.  Each  excess  Nb20^  may  form  an  intrinsic 
Ll-deflclent  defect  where  Nb  should  occupy  Ll- 
site.  The  equation  can  be  written  as 
(50-x)U2D+(50+x)Nb205-2(  50-x)UNb0j+(  10x/3) 

(»«>u“Nb(l/5)'^Nb(4/5)°3^  (■>) 

Let  the  intrinsic  defect  be  denoted  by  defect 
1.  The  undoped  congruent  crystal  contains  2(50 
-x)  perfect  lattices  and  10x/3  defect  lattices 
1. 

Being  doped  into  the  crystal,  HgO  may  in¬ 
corporate  with  the  excess  Nb  0  to  form  ex¬ 
trinsic  impurity  contained  defects,  where  Mg 
Hay  primary  occupy  Ll-site.  On  the  basis  of 
defect  chsmlstry,  we  stay  generally  write  down 
the  equation 

3(t  M«0+Nb205)-(U5)(Mg2t/(t*5)Nbg,(t^5)03)  (2) 
It  looks  like  that  the  defect  structures  are 
modified  by  the  par«eter  t,  there  may  be  ma¬ 
nifold  defects  In  the  crystal  varying  with  (Mg) 
and  the  process  ibay  become  very  complex. 

However,  seme  principles  shoula  comply  with 
on  the  foundations  of  crystallography:  1,  the 
crystal  maintains  local  electroneutrality;  2, 
the  bonding  energy  of  the  crystal  tends  to  mi¬ 
nimum,  therefor,  the  doped  impurity  tends  to 
he  evenly  distributed;  3,  lattice  distortion 
tends  to  minimum,  therefor  there  would  be  no 
large  defect  cluster  gathered  in  the  crystal. 
So,  only  several  certain  types  of  defect  may 
be  formed  varying  with  (Mg)  in  the  crystals. 

One  possible  defect  derives  from  equation 
M  gO+Nb20541  g0+  ( 5/3 )  (defect  1 )  -2(M  g^  ( 1/  2)**^L1 

( 1/2)'^Nb(  1/2)'**^(  1/P)°3^ 

Let  the  new  defect  be  denoted  by  defect  2, 
each  MgO  Incorporates  with  one  Nb  0  transfor¬ 
ming  5/3  defect  1  to  2  defect  2.  If  there  are 
k  MgO  doped  Into  the  crystal,  we  may  obtain 
the  equation 

(50-x)U20+(50+x)Nb205+k  Mg0-2(50-x)LlNb03+ 

( 5/3 )(at-k)( defect  1)+2k(defect  2)  (3) 

With  Increasing  (Mg),  defect  1  decreases  and 


dafvot  2  iQcreasas.  Vhlla  th«  amount  of  Hg 
equala  to  tha  «ount  of  tha  excess  Nb^^,  the 

crystal  contains  no  defect  1  but  perfect  lat¬ 
tice  and  defect  2.  When  (llg)-2x/(  100+2x),(-2.7 
24  Bol^,  x«1.4). 

Another  possible  defect  with  Increasing 
(Mg)  can  be  derived  fros  that  the  Li-deflcien- 
oies  in  defect  1  are  Just  filled  wqp  with  Mg 
31gO+Nb2D5J4gO+2( defect  2)-2(Mgj^Nl!^jj0j+e)+i02 
where  Mgjj^NbjjjjOj  is  singly  electropositive  and 

should  trap  an  additional  electron  in  a  certain 
way  to  aaintain  the  local  electroneutrality. 

Let  it  be  denoted  by  defect  3,  each  additional 
MgO,  on  the  basis  of  equation  (3),  transforms 
2  defect  2  into  2  defect  3.  The  equation  can 
be  written  as 

(50-x)Li20t(50+x)Nb20^+l-  MgO»2(50-x)UNbOj+(ax 
-2k) (defect  2)+2(k-2x) (defect  3)+i(k-2x)02  (4) 

As  increasing  (Mg),  defect  2  decreases  and  de¬ 
fect  3  increases,  up  to  k»4x,  the  crystal  con- 
contains  no  defect  2  but  perfect  lattice  and 
defect  3.  When  (Mg)!«/(25+x),  (■5.30  mol5i,  x« 
1.4). 

If  more  HgO  being  doped  into  the  crystal, 
therefor,  there  is  no  Li-vacancy  existed  in  the 
crystal  and  Mg  may  occupy  Nb-site.  The  third 
possible  defect  can  be  derived  fromi  equation 
4  Mg0+Nb205.3  (MgLiM 3/ ^ JO3 ) 

Let  the  new  defect  be  denoted  by  defect  4,  ea¬ 
ch  3  defect  4  forms  the  compound  Mg^Nb20g.  The 

chemical  equation  can  be  written  as 
( 50-x)Li  20+(  50+x)Nb203+k  M.g0»2(  50-x)  LlNb03+(8x 

-k)(defect  3)+J(8x-k)0-+(3/ 2) (k-4x) (defect  4) 

(5) 

As  increasing  (Mg),  defect  3  decreases  and  de¬ 
fect  4  increases,  while  k=»8x,  the  crystal  con¬ 
tains  neither  cation  vacancy  nor  excess  Nb205» 

but  perfect  lattice  and  defect  4.  When  (Mg)«x/ 
(25+2x), (*10.07  raol5<,  x-1.4). 

The  defect  models  discussed  are  listed  in 
table  1.(ref. 1) 

Table  1  Defect  Models 
MgO  (mo  154)  Defects  contained 
0  1 
0  to  2.72  1  and  2 

2.72  to  5.30  2  and  3 

5.30  to  10.07  3  and  4 

Density  Measurement  Result 


In  order  to  determine  the  defect  models, 
a  gro(^  of  Ng:LiNb03  samples  with  different 
(Mg)  are  prepared.  Their  density  are  carefully 
measured.  Assuamlng  each  lattice  has  an  equal 
average  volme  v,  v  can  be  obtained  by  substi¬ 
tuting  the  experimental  density  of  the  undoped 
congruent  LiNbD3,  d=4. 637  g/on^  into  the  den¬ 
sity  formula  d»l48.376/v,  then  v»3 1.998  rel. 
unit.  Therefore,  the  densities  of  the  crystals 
varying  with  (Mg)  can  be  calculated  correspon¬ 
ding  to  equations  (3),  (4)  and  (5). 

The  experimental  and  calculated  results 
are  in  good  agreement  as  shown  in  table  2  and 
figure  1.(ref.  1) 


Table  2  Density (in  g/cm  ')  Of 
Mg:LiNb03  with  different  (Hg) 


MgO(molX) 

Experiment 

Calculation 

~0 

4.637 

4.637 

1.00 

4.634 

4.634 

2.70 

4.631 

4. 629 

5.00 

4.642 

4. 647 

5.30 

/ 

4.650 

6.00 

4.639 

4. 644 

9.00 

4.594 

4.617 

_10._07 

/ 

4. 607 

Fig.  1.  Density  ofMg;LlNb03  with 
different  (Mg) 

Optical  Absorption  Heasuranents 
The  thermal-chemical  reduced  (TOR)  Mg: 
LiNb03  emerge  optical  absorptions.  TCR  was 
performed  by  annealing  the  samples  in  vacuus 
(10  ^  mmHg)  under  1000°C  for  0.5h.  The  optical 
absorption  spectra  due  to  TCR  were  obtained  by 
taking  differential  spectra  between  a  group  of 
the  TCR  and  the  control  samples  with  a  Backman 
5270  spectrophotometer  at  RT.  The  absorption 
results  are  shown  in  table  3. (ref. 2) 

It  Can  be  obviously  seen  that  the  samples 
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Table  3.  Absorption  data  of  TCR  Crystals 
(Mg)  (moljt)  ourface//C  (na)  SurfaceiC  (na) 


0 

514 

325 

540 

515 

600 

1.0 

514 

325 

540 

515 

595 

2.7 

514 

325 

530 

515 

575 

5.0 

514 

325 

530 

515 

590 

6.0 

780 

1400 

1470 

with  (Mg)  below  or  equal  to  3.0  mo IX  osarge 
similar  broad  visible  absorption  bands.  However 
the  sample  with  (Mg)  raised  above  6.0  molX  ex¬ 
hibits  an  abrupt  change  of  the  optical  absorp¬ 
tion  features  and  eaerges  Infra-red  absorption 
band  Instead  of  visible  bands.  And  the  critical 
Mg  concentration  (Mg)^  occurs  In  the  region 
5. 0-6.0  molX. 

Existence  of  Oxygen  Vacancy  under  TCR 

There  are  several  arguements  against  the 
existence  of  oxygen  vacancy  in  the  crystals 
under  TCR  depending  on  the  fact  that  the  den¬ 
sity  of  the  crystal  increases  under  TCR. (ref.5 
and  k) 

Oxygen  may  escape  from  their  lattice-sites 
in  different  ways.  If  an  oxygen  escapes  frcxa 
Its  lattice-site  leaving  a  Schottky  defect,  the 
density  of  the  crystal  decreases.  If  It  escapes 
from  its  site  leaving  a  Frenkel  defect,  the 
density  of  the  crystal  maintains  unchanged. 
However,  if  it  escapes  from  its  site  followed 
by  a  lattice  contracting  under  TCR  and  leaving 
no  lattice  vacancy,  the  density  of  the  crystal 
Increases.  In  fact,  the  density  variation  of 
the  crystal  under  TCR  relies  on  one  raoi"  of 
the  ways  oxygen  escaping  from  their  lattice- 
sites.  Therefore,  we  believe  that  oxygen  vacan¬ 
cies  can  be  formed  and  yet  be  attended  by  an 
Increase  of  density  under  TCR. 

Origin  of  the  Optical  Absorptions 

The  optical  absorptions  caused  by  TCR  of 
undoped  and  lightly  Mg-doped  congruent  LlNbO^ 

are  characterized  by  a  strong,  theraally  sta¬ 
ble,  and  broad  band  peaked  near  514  nm  with 
two  anall  shoulders  on  its  longer  wavelength 
side.  Its  origin  was  interpreted  to  F  center 
by  Sweeney  (ref.5)  and  Arizmendi  (ref.6),  and 


to  dipolaron  by  Schlrmer  (ref. 3),  and  to  com¬ 
plex  defects  composed  by  F  center  with  differ¬ 
ent  types  of  dipolarons  by  us  (ref. 2),  respec¬ 
tively.  The  TCR  heavily  Mg-doped  crystal  emer¬ 
ges  a  band  near  1470  rm  instead  of  the  visible 
bands  of  the  lightly  Mg-doped  crystals.  Its 
origin  was  ascribed  to  Mg*  (ref.5)  and  to  the 
appearance  of  Mg^*  in  the  Nb^^-slte  (ref.7). 

According  to  the  stacking  fault  model  of 
congruent  LlNbO^,  there  would  be  Nb^j^  adjacent 

to  Nbjj^  forming  Mbjj^-Nbj^  dipolarons.  The  oxy¬ 
gen  adjacent  to  the  dipolarons  are  more  ther¬ 
mally  unstable.  They  may  be  prior  to  escape 
from  their  lattice-site  and  form  F  centers  un¬ 
der  TCR.  Since  the  bonding  of  an  Nb^*  ion  to 
its  neighboring  0^*  ions  has  a  rather  covalent 
behavior,  it  tends  to  trap  additional  electron. 
Therefore,  the  two  electrons  from  the  F  center 
should  be  shared  with  two  adjacent  Nb  forming 
a  (Mb^j^-F-Nbfjjj)  defect.  This  defect  has  as  its 

main  features  the  F  center  and  a  di- 

5+ 

polaron.  The  Nb  ions  adjacent  to  F  centers 

would  share  F  electrons  with  the  oxygen  vacan- 

4+ 

cies  and  exhibit  partly  Nb  behavior.  This 
center  is  associated  with  the  Nb  antisite,  so 
its  concentration  decreases  with  increasing 
Ll/Nb  ratio  in  the  TW  undoped  crystal.  We 
propose  that  the  optical  absorptions  of  the 
TCR  undoped  crystal  are  mainly  caused  by  this 
center,  which  is  consistent  with  the  observa¬ 
tion  of  GaTcia-Cabanes  (ref.8)  that  the  opti¬ 
cal  absorption  strongly  decreases  with  increa¬ 
sing  Ll/Nb  ratio. 

In  lightly  Mg-doped  LiNbO^  with  (Mg)  2,70 
molX,  as  (Mg)  increases,  the  Mb^-Nbjjj^  would 
progressively  replaced  by  Mg^-Nbj^j^  dipolarons. 

Under  TCR,  the  oxygen  adjacent  to  the  dipola¬ 
rons  may  also  prior  to  escape  from  their  la¬ 
ttice-sites  and  form  F  centers.  In  this  defect, 
both  Mg  and  Nb  have  partly  covalent  behavior 
and  would  share  F  electrons  with  the  oxygen 
vacancy,  resulting  in  (Mg^-F-Nbj^^)  defect. 

Since  the  (Mgjj^-F-Nbjj^j)  and  the  (Nb^j^-F-Nbj^^) 

are  comparable  in  structure,  they  should  pos¬ 
sess  similar  optical  absorption  features.  And 
the  (MgL^-F-Nbjjjj)  defect  formed  under  TCK  is 
associated  with  defect  2  in  the  crystal. 

The  crystals  with  (Mg)  between  2.70  and 
5.30  molX  contains  defect  type  2  and  3.  In  de- 
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f«ct  typ«  3,  the  Bonovalent  Lt -deficient  is 
Just  filled  ifl?  by  a  divalent  ion  and  an 

additional  electron  is  trapped,  its  neighboring 
oxygen  is  thermally  more  stable  against  P  cen¬ 
ter  formation.  Therefore,  we  believe  that  the 
optical  absorptions  of  the  TGR  lightly  Mg-doped 

crystal  are  mainly  caused  by  the  (Nb^-P-Nbj^l^) 

and  defects.  So  the  crystals  with 

(Mg)  between  0-5.30  molji  have  similar  optical 
absorption  features. 

The  heavily  Mg-doped  crystals,  with  (Mg) 
between  5.30-10.01  molji,  contain  defect  type  3 
and  4.  The  electrically  neutral  defect  cluster 
formed  by  three  defect  4  is  stacked  by  two  ca¬ 
tion  prism  in  the  G  direction  with  an  o>-ygen 
at  the  center  of  one  prian  and  surrounded  by 
one  Nbj^,  one  and  two  Mgjj^.  Since  both 

Mg  and  Nb  have  partly  covalent  behavior, 
this  oxygen  is  thermally  more  unstable  than  ali 
the  other  oxygens  and  is  easy  to  escape  under 
TCR,  resulting  in  a  (Mg^-Mgj^^)-F-(Mg^-Nbj^jj) 

defeot.  This  defect  has  as  its  main  features 
the  F  center  and  both  the  (Mg^^-Mgj^)  and  the 

(Hgjj^-Nbj^jj)  dipolarons.  The  two  F  electrons  in 

this  defect  are  shared  by  the  four  partly  co¬ 
valent  Cations,  it  raises  the  ground  state  of 
the  system  and  makes  the  optical  absorptions 
of  the  center  shifting  to  the  infTa-red  region. 
Therefore,  the  TCR  heavily  Mg-doped  crystals 
with  (Mg)  raised  above  5.30  molji  exhibit  an 
abrupt  change  on  the  optical  absorption  fea¬ 
tures.  The  appearance  of  Mgj^^^  in  the  heavily 

Mg-doped  congruent  crystals  has  been  confimed 
by  0H“  infra-red  absorption  measurements  (ref. 

9). 

The  Relation  Between  (Mg)  Threshold 
Effect  and  the  Defect  Structures 
The  (Mg)  threshold  effect  makes  the  con¬ 
gruent  Mg:  LiNbO^  exhibiting  abrupt  changes  on 

physical  properties  when  (Mg)  raised  above  a 
critical  (Mg)^. .It  implies  an  abrupt  change 

of  defect  structure  in  the  crystals  when  (Mg) 
is  raised  above  (Mg)^.  We  proposed  that  the 

(Mg)  threshold  effect  is  originated  from  the 
appearance  of  Mgj^.  According  to  above  dis¬ 
cussions  on  defect  structures,  Mgjj^  appears 

in  the  crystal  when  (Mg)  exceeds  x/(25+x). 
However  this  is  not  a  precise  formula  because 


of  the  exlstance  of  other  types  of  minor  de¬ 
fects,  but  we  may  use  it  to  evaluate  (Mg)^ 

approximately.  The  curve  of  (Mg)^  varying  with 

the  parameter  x  is  approximately  a  strai^t 
line.  In  the  present  study  x-1.4,  for  congru¬ 
ent  crystal,  the  (Mg)^  should  approximately  be 

(Mg)^»5.50  mol;i,  in  the  region  5. 0-6.0  molji. 

According  to  our  optical  absorption  measure¬ 
ments  and  other  experiments  (ref.7),  the  (Mg)^, 

falls  in  the  region  5. 0-5.0  molX.  Our  theore¬ 
tical  result  coincides  with  the  experiments. 
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Abstract 

Experimental  results  were  presented  for  phase  conjugate  wave 
generation,  and  the  possibility  of  an  application  to  an  optical  asso¬ 
ciative  memory  was  discussed.  Using  an  iron-doped  lithium  nio- 
bate  single  crystal,  more  than  300%  reflection  efficiency  was 
achieved  by  the  degenerate  four-wave  mixing  method,  and  it  was 
almost  independent  of  the  total  incident  optical  intensity.  The 
generator  was  then  applied  as  a  phase  conjugate  mirror  to  an  all- 
optical  assiKiative  holographic  memory  to  reflect  and  amplify  the 
diffracted  beams.  The  retrieved  output  image  was  formed  by  using 
partial  input  illumination.  Using  a  barium  titanate  single  crystal, 
about  70%  stable  phase  conjugate  reflection  was  obtained  by  the 
self-pumping  method.  In  order  to  accelerate  the  speed  of  the 
generation,  a  new  method,  called  accclerated-SPPC,  was  present¬ 
ed. 


Introduction 

There  have  been  many  reports  on  the  photorefractive  (PR)  effect 
in  such  crystals  as  LiNb03,  BaTi03,  Bii2SiO20,  Bii2TiO20  and 
Ba,Sr,_,Nb205.'  The  PR  effect  has  been  studied  for  applications 
to  optical  amplification,  phase  conjugate  wave  generation,  optical 
storage  and  optical  information  processing  because  large  optical 
interactions  can  be  produced  in  the  photorefractive  materials  using 
a  light  source  with  the  lowest  possible  intensity.  The  study  of 
phase  conjugate  wave  generation  has  become  one  of  the  most 
promising  research  fields  since  the  initial  studies  began  in  the  early 
1 970s.’>  Owing  to  optical  distortion  correction,  whereby  ail  dis¬ 
tortions  in  the  wavefront  of  the  incident  laser  beam  are  reverse  ’ 
upon  reflection  from  the  phase  conjugate  mirror,  a  wide  variety  of 
potential  applications  have  been  demonstrated. LiNb03:Fe 
and  BaTi03  single  crystals  arc  useful  materials  for  phase  conju¬ 
gate  generation  using  degenerate  four-wave  mixing  (DFWM), 
self-pumping  (SP)  and  mutual  pumping  (MP)  methods,  as  is  well 
known. '**1 

However  there  have  been  few  papers  reporting  on  phase  conju¬ 
gation  by  DFWM  in  l,iNb03:Fc  and  self-pumped  phase  conjugate 
generation  from  BaTi03  with  a  stable  and  high  reflectivity.  The 
purpose  of  this  study  was  to  investigate  LiNb03:Fe  and  BaTi03 


single  crystals  as  phase  conjugate  generators  using  the  DFWM 
and  SP  methods  respectively.  A  high  reflectivity  was  obtained  and 
the  generator  was  then  applied  to  an  all-optical  associative 
memory.  In  this  paper,  we  will  describe  some  of  the  results  ob¬ 
tained  concerning  the  phase  conjugate  generators  and  their  applica¬ 
tion  to  the  optical  associative  memory. 


Phase  Conjugation  by  Four-Wave  Mixing  Using  UNbO^tFe 

A  Y-cut  LiNbO3:Fe0.09mol%  crystal  with  a  thickness  of  3.3 
mm'’>  was  used  for  this  study.  This  crystal  showed  an  absorption 
coefficient  of  1.9  cm'‘  at  a  wavelength  of  514.5  nm.  Figure  1 
shows  the  experimental  arrangement  for  degenerate  four-wave 
mixing.  An  Ar  ion  laser  operating  at  514.5  nm  was  used  and  the 
light  polarization  was  parallel  to  the  incident  plane.  The  external 
incident  angle  26  was  11°  and  the  internal  angle  26i  was  about  5°. 
Here,  the  backward  pump  beam  I),  was  adjusted  incoherently  with 
probe  beam  Ip  and  forward  pump  beam  If  (the  optical  piath  differ¬ 
ences  were  more  than  40cm),  so  only  a  transmission  grating  (single 
grating)  was  induced  by  the  coherent  "writing*  beams  Ip  and  If. 
This  grating  was  monitored  by  the  diffraction  of  Ip  (called  the 
"reading"  beam)  to  produce  a  fourth  "output"  beam  L  which  was 
phase-conjugated  with  Ip.  The  intensity  of  the  created  phase 
conjugate  wave  increased  in  the  initial  stage  of  the  beam-coupling 
and  then  decreased  after  a  peak  because  of  optical  damage.  In  our 
experiment,  the  maximum  intensity  was  defined  as  L  ^nd  the  rcla- 
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Fig.l.  Experimental  arrangement  for  four-wave  mixing. 
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Fig.2.  Pump  ratio  r  dependence  of  phase  conjugate  rcflccliviiy  R  with 
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Fig.3.  Total  intensity  Iq  dependence  of  phase  conjugate 
reflectivity  Rwith  f1=0.1. 


tive  time  was  defined  as  the  response  time  Tn,„,  The  dependence  of 
the  reflection  efficiency  R=lj(0)/Ip(0)  on  the  pump  ratio 
r=I(,(d)/l|{0)  was  measured.  TTie  inset  of  Fig.2  shows  the  depend¬ 
ence  of  the  reflectivity  with  If=1.2mW/cm2  and  fl=lp(0)/I^0)=().l 
on  the  pump  ratio  of  r  ranging  from  0  to  1.  The  dependence  ob¬ 
served  was  clearly  linear  for  small  r.  The  dependence  of  the  reflec¬ 
tivity  with  lb=83mW/cm2  and  p=().05,  0.1  and  0.2  on  r  with  a  range 
of  1  to  25  is  shown  in  Fig.2.  Because  the  real  part  of  the  coupling 
coefficient  Y-r/2+ir'  was  dependent  on  the  reflectivity  R  with 
P=0.05  showed  a  large  value  of  more  than  300%,  and  a  amplified 
1.  beam  was  created.  This  demonstrated  the  material's  potential 
for  use  in  optical  associative  memories.  Figure  3  shows  that  the 
phase  conjugate  reflectivity  R  with  P=0.1  is  independent  of  the 
total  incident  light  intensity  lo=Ip+If+Ib.  In  Fig.4  the  dependence  of 
the  response  time  on  the  incident  total  intensity  1„  was  pre¬ 
sented.  It  can  be  seen  that  a  total  energy  of  about  E(„n,=20J/cm2 
was  needed  to  produce  ^  in  the  crystal. 


Flg.4.  Total  inicnsity  Ip  dependence  of  response  lime 


Fig  .S.  Time  dependence  of  self-pumped  phase  conjugation  wave  intensify. 


Self-Pumped  Phase  Corrugation  Using  BaTi03 

A  BaTi03  single  crystal^')  of  2.6mmx2.8mmx3.8mm{c)  with  an 
absorption  coefficient  of  1.5  cm-'  at  514.5  nm  was  used  for  this 
study.  An  extraordinary  polarized  beam  from  a  514.5-nm  cw  Ar 
ion  laser  was  used  to  study  the  response  of  self-pumped  phase 
conjugation  (SPPC).  In  order  to  obtain  the  stable  output  of  SPPC, 
we  changed  the  incident  light  position  and,  the  region  from  1 .6  to 
2.0  mm  from  +c  face  was  found  to  be  the  most  suitable  region  to 
obtain  a  stable  output  of  SPPC  in  the  crystal.  Hence,  the  incident 
position  was  selected  at  about  1.8  mm  from  the  +c  face  in  this 
experiment.  The  diameter  of  the  incident  pump  beam  Ijp  was 
focused  down  to  about  0.3  mm  by  a  convex  lens.  During  meas¬ 
urements,  the  recorded  gratings  in  the  crystal  were  photoerased  by 
a  strongly  uniform  illumination.  A  stable  response  of  SPPC  1^  was 
observed,  as  shown  in  Fig.5.  The  t,  and  t,  were  defined  as  delay 
time  and  response  time  respectively.  The  external  angle  Ojp  of 
incidence  of  the  pump  beam  to  the  entrance  face  was  changed  from 
6°  to  38°.  The  dependence  of  the  reflectivity  R,p=Ijc/Isp  with 
l5p=0.61mW  on  the  incident  angle  Ojp  is  illustrated  in  Fig.6.  The 
measurement  in  Fig.6  shows  that  a  high  reflectivity  of  the  SPPC  of 
about  70%  could  be  induced  within  an  angle  of  16°  to  30°.  This 
result  shows  the  possibility  that  the  SPPC  could  be  directly  ap- 
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Incident  Angle  0^,  (') 

Fig.6.  Incident  angle  6^  dependence  of  SP  phase  conjugate  wave 
reflectivity  R^with  incident  beam  intensity  I^=0.61mW. 

plied  to  an  optical  associative  memory  to  reflect  the  diffracted 
beams  if  a  readout  beam  with  a  power  of  40  pW  was  used.  In  Fig.7 
the  dependence  of  the  delay  time  t)  and  response  time  tg  on  the 
intensity  of  pump  beam  is  presented.  It  indicated  that  a  total 
energy  of  about  12.5  mJ  was  needed  to  create  the  self-pumped 
phase  conjugate  wave  and  about  54.2  mJ  was  needed  to  achieve 
90%  of  the  fiill  output.  For  a  low-power  the  response  time  was 
so  long  that  the  application  would  be  limited.  For  the  purpose  of 
solving  the  problem,  we  used  a  new  method  called  accelerated- 
SPPC.  In  order  to  accelerate  the  generation  of  1..,  a  strong  light 
beam,  which  was  coherent  with  the  weak  I^,  was  led  into  the  same 
incident  position  in  the  same  incident  plane  with  an  angle  of  about 
2°  to  1^  .  The  result  was  that  the  response  time  of  I*  was  acceler¬ 
ated  more  than  100  times  and  became  as  quick  as  that  of  the  strong 
beam. 

Application  to  Optical  Associative  Memory 

The  basic  principle  of  the  optical  associative  memory  is  as 
follows.  Several  (N)  images  are  recorded  in  a  volume  hologram  by 
using  a  separate  reference  beam  for  each.  In  the  associative  step,  a 
certain  input  image  (or  a  partial  one)  is  illuminated  only  with  the 
signal  beam.  As  a  result,  N  diffracted  beams  centered  angularly  in 
the  direction  of  the  reference  beams  are  created,  with  intensities 
corresponding  to  the  correlation  coefficients  between  the  input  and 
the  stored  images.  The  diffracted  beams  are  then  amplified  and 


Fig.7.  Incident  beam  iateasily  1^  dependence  of 
delay  lime  t,  (O)  and  response  lime  t,  (a). 


reflected  frtim  the  phase  conjugate  mirror.  These  beams  run  back 
to  the  hologram  and  illuminate  it  from  the  opposite  side.  This 
results  in  an  output  most  closely  resembling  the  input  or  a  retrieval 
of  the  stored  image  on  the  screen. 

An  X-cuf  LiNbO3;Fc0.10mol%  sample  with  a  thickness  of  1.8 
mm  was  used  for  the  real-time  holograph  in  the  optical  associative 
memory.’)  The  configuration  of  an  optical  associative  memory 
system  is  shown  in  Fig.8.  A  half-prism  and  a  pinhole  were  fixed 
to  an  X  stage.  Because  the  focus  of  lens  Lj  ''^^s  adjusted  into  the 
hologram  crystal,  by  moving  the  X  stage  the  incident  angle  of  the 
reference  beam  I,  could  be  changed  and  multiple  images  were 
holographically  recorded.  The  signal  beam  I,  was  expanded  to 
15mm  to  carry  images  and  was  then  focused  into  the  crystal  by 
lens  Lj.  The  LiNbO3:Fe0.09mol%  crystal  mentioned  was  used  as 
the  phase  conjugate  mirror  to  amplify  and  reflect  the  diffracted 
beams. 

In  the  writing  step,  an  image  s  (Fig.9(a))  was  placed  at  the  input 


Fig.8.  Configuralion  of  optical  associative  memory  system. 
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ConduskMis 


(c)  (d) 


(e)  (0 

Kig.y.  (a)  Single- siorcd  image  s;  (b)  p.inial  image  input  s'; 

(c)  output  at  77  seconds;  (d)  output  at  IKO  seconds, 

(e)  output  at  3(K)  seconds;  (0  output  at  480  seconds. 

position  and  recorded  with  I,=6mW/cm‘  and  l,=  l  lOmW/cm^  for 
300  seconds  to  create  the  holograph,  whose  diffraction  efficiency 
T|  was  more  than  20%.  In  the  associating  process,  a  partial  image  s' 
(Fig.9(b))  was  used  as  an  input  image  with  l,=0,  rs=6mW/cm^, 
If=20mW/cm2  and  lt=10(jmW/cm2.  The  outputs  are  shown  in 
Figs.9(c)-9(f).  The  indistinct  and  clear  s'  occurred  at  77  seconds 
(Fig.9(c))  and  180  seconds  (Fig.9(d)),  respectively.  At  3(X)  seconds 
the  retrieved  output  (Fig.9(e))  was  formed  on  the  screen.  At  480 
seconds  the  clear  completed  image  s  was  read  out  (Fig.9(f)).  But 
after  600  seconds  of  continuous  illumination,  the  output  began  to 
be  blurred  because  of  the  optical  damage  created  in  the  crystals.  In 
addition,  the  effective  reflectivity  of  observed  output  image  can 
be  expressed  as 

l^ohs  =  Rn-T^c, 

where  R  is  reflectivity  of  the  phase  conjugate  mirror,  ?)  the  diffrac¬ 
tive  efficiency  of  the  holograph,  T  surface  intensity  transmissivity 
of  the  holograph  and  c  cross-correlation  of  s'  with  s.  Hence,  the 
requirements  for  using  LiNbOjiFe  as  the  hologram  and  phase 
conjugate  mirror  are  that: 

(a)  faithfulness  of  the  stored  image  is  high; 

(b)  diffraction  efficiency  rj  is  as  large  as  possible; 

(c)  gain  or  reflectivity  of  the  phase  conjugate  mirror  is  large; 

(d)  response  time  of  the  phase  conjugate  mirror  x  is  short; 

(c)  dcgradati.rn  by  readout  is  as  small  as  po.ssible. 


PR  crystals  LiNbO,;Fe  and  BaTiO,  were  investigated  as  a  phase 
conjugate  generator,  and  more  than  300%  and  70%  reflection  effi¬ 
ciencies  were  obtained,  respectively.  Using  the  former  generator  in 
an  optical  associativ  e  mcmor>  ,  we  observ  ed  retrieval  of  the  stored 
image  by  a  partial  input.  Howev  er,  some  problems  remained  to  be 
solved,  in  particular,  the  degradation  of  the  information  in  the 
writing  and  reading  steps.  The  results  of  the  latter  generator 
demonstrated  a  possibility  that  the  accelerated-SPPC  could  be 
directly  applied  to  an  optical  associative  memi'ry  to  reflect  the 
diffracted  beams  if  a  readc-t  beam  with  a  power  of  40  pW  was 
used. 
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ABSIRACT 

A  study  was  performed  on  the  microstructure  and 
dielectric  properties  of  barium  strontium  titanate  ceramics  having 
compositions  (Ba,  ,Sr,)TiO,,  and  (Ba,|gq  ,Sr,C^iiiii)TiO,,  with  x  in 
the  range  from  0  to  0  3.  In  all  cases,  the  addition  of  dysprosium 
resulted  in  a  marked  reduction  in  grain  size,  from  ~.'>0  pm  to 
=  lpm,  which  was  accompanied  by  a  substantial  increase  in 
dielectric  permittivity  below  the  Curie  temperature.  Furthermore, 
the  peak  in  permittivity  at  the  Curie  point  was  strongly 
suppressed  by  ITy-doping,  and  the  phase  transition  range  became 
broad  and  diffuse,  particularly  at  the  higher  levels  of  strontium 
TEM  observations  of  a  high  density  of  dislocations  and  an 
inhomogeneous  distribution  of  strontium  within  the  grains 
suggest  that  the  chemical  segregation  of  strontium  is  largely 
responsible  for  this  diffu.se  phase  transition  behaviour. 

1.  INTRODUCTION 

Barium  titanate  ceramics  have  been  used  extensively  as 
capacitor  dielectrics  for  the  past  40  years''^  Over  this  period, 
numerous  studies  of  the  dielectric  properties  of  barium  titanate- 
based  ceramics  have  been  carried  out.  Pure  BaTiO,  undergoes 
a  paraelectric  to  ferroelectric  phase  transition  at  I30‘’C,  which  is 
accompanied  by  a  sharp  peak  (e,  =  10,000)  in  the  dielectric 
permittivity.  Isovalent  dopants,  such  as  strontium  or  lead,  are 
often  employed  to  lower  or  raise  the  Curie  point  for  particular 
applications.  However,  coarse-grained  ceramics  still  possess  many 
und.'sirable  characteristics  with  respect  to  their  use  in  stable 
capacitors,  notably  a  strong  dependence  of  permittivity  on 
temperature  and  electric  field'-  'I.  As  a  result,  extensive  efforts 
have  been  made  to  produce  fine-grained  ceramics  in  which  these 
characteristics  are  less  pronounced. 

Fine-grained  barium  titanate  ceramics  (grain  size  =  1  pm) 
possess  a  high  permittivity  at  room  temperature  (f,  ~  3000-5000) 
and  show  relatively  stable  dielectric  properties  over  fairly  wide 
ranges  of  electric  field  and  temperature.  The  mechanism 
responsible  for  the  high  permittivity  in  fine-grained  materials  has 
been  discussed  by  several  authors,  but  a  comprehensive  and 
universally-accepted  explanation  has  yet  to  be  presented'’’ 

Yamaji  et.al.'^'  found  that  incorporation  of  0.8  at%  Dy  (a 
donor)  on  the  barium  site  caused  an  increase  in  permittivity 
=  3000)  and  a  reduced  dependence  of  e,  on  temperature  and 
D.C.  bias  voltage.  The  materials  were  said  to  have  a  fine-grained 
(—1.25  pm)  microstructure  and  a  reduced  frequency  of  90" 
domains  (only  10%  of  the  grains  showed  90"  domains).  The 
results  were  interpreted  in  terms  of  the  model  developed  by 
Buessem  et  al.'’’-^',  which  assumed  that  the  width  of  ferroelectric 
90"  domains  in  BaTiO,  ceramics  remains  constant  at  =1  pm.  The 
high  permittivity  of  the  fine-grained  ceramic  below  the  Curie 
point  is  then  attributed  to  the  internal  stress  generated  from  the 
cubic-tetragonal  phase  transition  on  cooling. 

In  contrast,  Arlt  et.al.'*'  found  very  fine  90"  domains 
(width  =0.1  pm)  in  BaTiO,  ceramics  with  a  grain  size  of  0.5  pm, 
and  suggested  that  the  average  width  of  90"  domains  is 
proportional  to  the  grain  size  for  grain  sizes  in  the  range  0.1  to 
10  pm.  In  this  case,  it  was  suggested  that  90"  domain-wall  motion 
might  play  an  important  part  in  the  high  permittivity  of  fine¬ 


grained  BaTiO,  ceramics.  Arlt  et.al.  suggested  that  the  absence 
of  90"  domains  in  Yaniaji’s  work'’'  might  be  a  result  of  cation 
vacancies  produced  by  the  donor  dopant,  since  it  was  known  that 
lead  vacancies  have  a  strong  influence  on  the  formation  and 
mobility  of  ferroelectric  domains  in  Pb(Zr,Ti)0,.'*' 

It  seems  likely  that  a  treatment  incorporating  aspects  of 
both  of  these  models  (ie.  internal  stress  and  the  presence  of  90" 
domains)  may  provide  the  correct  explanation.  Recently,  Arlt 
and  Pert.sev'"'  have  suggested  that  the  high  permittivity  is  actually 
due  not  solely  to  the  increase  in  domain  wall  area,  since  the 
effective  force  constant  for  domain  wall  displacement  is  inversely 
proportional  to  the  domain  width,  but  to  an  additional  increase 
in  domain  wall  mobility  as  a  result  of  the  reduced  tetragonality 
of  fine-grained  ceramics. 

In  Ba,,  ,,5Sr|,  ,,TiO,  ceramics,  Osbond  et.al. found  that 
the  permittivity  below  the  Curie  temperature  for  fine-grained 
(=1  pm)  materials  was  lower  than  that  for  coarse-grained 
materials,  in  contrast  to  the  situation  for  BaTiO,.  The  present 
study  was  carried  out  in  order  to  provide  further  information  on 
the  grain  size-property  relationships  in  barium  titanate-based 
materials,  and  to  clarify  the  apparently  anomalous  result  for 
Ba,ih5Sri,,5TiO,  ceramic.  Barium  strontium  titanate  ceramics 
were  prepared  having  compositions  (Ba, .jSrJTiO,  and  (Ba^,,. 
,Sr,Dy„oi)TiO,,  with  x  in  the  range  0  to  0.3,  dysprosium  being 
employed  as  a  grain  growth  inhibitor. 

II.  EXPERIMENTAL  PROCEDURE 

The  starting  raw  chemicals  were  high  purity  BaCO,,  TiOj, 
SrCO,,  and  DyjO,  (all  >99%  ).  Specimens  were  prepared  by  the 
conventional  mixed  oxide  method.  The  compositions  prepared 
were  (Ba,_,SrjTiO,  and  (Bafl„.,Sr,Dyooi)Ti03  with  x  =0, 0.1,  0.2, 
and  0.3.  these  being  referred  to  as  BT,  BIST,  B2ST,  and  B3ST 
(for  the  non-Dy-dop>ed  materials),  and  BD'YT,  BISD'YT, 
B2SD'YT,  and  B3SD'YT  (for  the  Dy-doped  materials).  Each 
batch  was  ball-mixed  in  a  polypropylene  bottle  with  ZrOj  balls 
and  99.5%  pure  ethanol  for  4  hours  and  subsequently  calcined 
at  a  temperature  of  1000"C  for  4  hours  in  a  pure  alumina 
crucible.  The  calcined  powders  were  then  ball-milled  for  4  hours 
and  dried  on  a  hot  plate.  The  dry  powder  cakes  were  pulverized 
using  a  mortar  and  pestle  and  then  pressed  in  a  steel  die  at  200 
MPa  to  produce  10mm  diameter  green  disks.  These  disks  were 
th  sintered  at  a  temperature  of  1400"C  for  4  hours. 

The  sintered  samples  were  polished  and  electroded  using 
Dupont  7095  silver  paste.  Dielectric  properties  were  measured  by 
a  digital  LCR  meter  (HP4284A)  from  -20"C  to  150°C  using  a 
heating  rate  of  3"C/min  and  a  recording  interval  of  2°C. 
Microstructures  of  polished  and  subsequently  chemically  or 
thermally  etched  specimens  were  observed  by  SEM.  TEM 
specimens  were  prepared  from  the  bulk  materials  by  mechanical 
thinning  followed  by  ion  bombardment  with  5k V  accelerating 
voltage  and  14”  incident  angle.  The  microscopy  was  done  using 
a  Philips  EM400T  operating  at  120k'V.  Chemical  microanalysis 
was  carried  out  by  nanoprobe  energy  dispersive  X-ray  analysis 
(EDX).  Crystalline  phases  in  the  bulk  materials  were  identified 
by  XRD  using  CuKa  radiation,  the  (002)  and  (200)  peaks  being 
used  to  estimate  the  tetragonality  of  each  composition. 


CH3()8()-()-7803-0465-9/97.$.v(K)  c’lFHr. 
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Ill  RESULTS 


xiooo 


n  i  Sintered  density,  prain  size  and  tetragonalitv 

The  sintered  densities,  grain  sizes  and  tetragonalities  for 
all  specimens  investigated  are  shown  in  Table  1.  It  is  evident  that 
the  Dy-doped  materials  always  have  a  higher  sintered  density  and 
finer  grain  size  than  the  undoped  ones.  It  is  well  known  that 
dysprosium  is  an  effective  grain  growth  inhibitor  in  BaTiOj*’*  and 
from  these  observations  it  is  clear  that  it  functions  in  a  similar 
manner  in  barium  strontium  titanate  ceramics. 

All  compositions  studied  were  pure  perovskite  phase  after 
calcination.  The  c/a  ratios  in  sintered  bodies  show  that  the 
tetragonality  of  the  unit  cell  was  reduced  as  Sr  content  increased. 
The  further  reduction  of  c/a  ratio  in  the  Dy-doped  materials  may 
be  due  to  the  combined  effect  of  the  slight  increase  in  the  Sr/Ba 
ratio  and  the  reduction  in  grain  size'll 


Table  1.  Sintered  Density,  Grain  Size  and  Tetragonality  for  Each 
Composition. 


Composition 

ID. 

Density 

(g/cmO 

Grain  size 
(pm) 

c/a  ratio 

BT 

5.72 

20-100 

1.0100 

BIST 

5.69 

20-100 

1.0080 

B2ST 

5.68 

20-100 

1.0060 

B3ST 

5.67 

20-100 

1.0035 

,^DYT 

5.92 

0.5- 1.5 

1.0095 

BISDYT 

5.85 

0.5-1.5 

1.0068 

B2SDYT 

5.73 

0.5-1.5 

1.0040 

B3SDYT 

5.71 

0.5-1.5 

1.0000 

(2)  Dielectric  properties 

Significant  variations  in  dielectric  properties  were 
observed  as  a  function  of  both  Sr-and  Dy-doping,  as  shown  in 
Fig.l.  The  most  pronounced  effect  of  the  addition  of  strontium 
is  a  reduction  in  the  Curie  temperature,  with  a  shift  «  3'’C/at% 
Sr,  III  accord  with  previous  results^''.  The  reduction  in  grain  size 
caused  by  the  addition  of  dysprosium  was  accompanied  by  a 
depression  of  the  pieak  in  permittivity  at  the  Curie  point  and  a 
general  broadening  of  the  phase  transition,  which  became  more 
pronounced  as  the  level  of  strontium  increased.  For  the  materials 
containing  30%  strontium  and  1%  dysprosium,  the  dielectric 
properties  were  relatively  independent  of  the  cooling  rate 
employed,  as  shown  in  Fig.  1(b).  Unfortunately,  it  was  not 
possible  to  obtain  a  reliable  measurement  of  the  dielectric 
properties  of  materials  quenched  directly  from  the  sintering 
temperature  due  to  their  semiconducting  nature. 

For  all  compositions,  it  is  evident  that  the  fine-grained, 
Dy-doped  materials  always  exhibit  substantially  higher  values  of 
permittivity  in  the  ferroelectric  region  below  the  Curie  point. 

131  Microstructure 

Domain  patterns  for  the  BT  and  BDYT  specimens  are 
shown  in  Fig. 2.  The  domain  width  in  pure,  coarse-grained 
BaTiOj  is  estimated  as  0.5-1  pm.  Unfortunately,  the  domain 
pattern  in  fine-grained  BDYT  was  not  easily  revealed  by 
chemical  etching.  From  the  TEM  micrograph  shown  in  Fig.2(b), 
it  appears  that  in  this  material  the  laminar  domains  initiate  at 
grain  boundaries  and  stretch  into  the  grain.  The  domain  width 
was  estimated  to  be  O.I  pm,  which  agrees  with  that  reported  by 
Arlt  et.al.  for  pure  BaTiO,'**,  but  the  frequency  of  W  domains  is 
not  consistent  with  Yamaji’s  work^^'.  To  eliminate  the  artefacts 
caused  by  ion-beam  bombardment,  we  also  observed  the  domain 
structure  after  heating  the  TEM  specimen  up  to  200°C  for  1  hr 
then  cooling  to  room  temperature.  This  suggested  that  fine 
domains  do  exist  in  fine-grained  Dy-doped  BaTiO,.  The 
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Fig. 1(a)  Dielectric  permittivity  of  BT,  BIST,  B2ST  and  the 
corresponding  Dy-doped  compositions  BDYT,  BISDYT  and 
B2SDYT. 

X1000 -  - 


Ilf 

10,- 

9- 

.  sL 

I 

1  5r 


B3ST 

B3S0YT 

BSSDYTSC 

B3S0YTQ 


V 


-20 


60  80 


0  20  40 

TEMPERATURE  (X) 

Fig.  1(b)  Dielectric  permittivity  of  B.3ST  and  B3SDYT.  The 
dielectric  permittivity  of  B3SDYT  is  relatively  independent  of  the 
cooling  rate  after  sintering.  Similar  behaviour  is  observed  for 
samples  subjected  to  cooling  rates  of  T'C/min  (B3SDYTSC) 
furnace  cooling  (=  5“C/min,  B3SDYT),  or  air  quenching  from’ 
1100°C  (B3SDYTQ). 

(a) 


Fig.2  (a)  Polished,  chemically  etched  section  of  coarse-grained 
BaTiOj  ceramic.  The  width  of  the  domain  is  0.5-1 
depending  on  the  grain  orientation,  (b)  Domain  structure  in  Dy- 
doped  BaTiOj  as  observed  by  TEM.  TTie  domain  width  is  ==  0. 1 
pm. 


52 


remaining  doubt  is  whether  the  domain  structure  in  a  thin  foil  is 
the  same  as  that  of  the  bulk  material  due  to  the  difference  in 
mechanical  constraint. 

Clear  and  well-defined  domain  structures  were  not 
observed  in  the  fine-grained  B3SDYT  sample  at  room 
temperature.  Instead,  a  core-shell  like  structure  was  observed, 
with  the  core  characterized  by  a  high-density  of  dislocations 
(Fig. 3).  In  addition,  there  were  many  strain  spots  within  the  fine 
grains,  which  became  more  evident  under  electron  bombardment 
diiiiug  observation.  However,  when  the  temperature  decreased 
down  to  -6()''C,  the  domain  structures  became  clearly  evident. 
Fig. 4  shows  the  domain  structures  at  -20'’C  and  40''C  obtained  by 
heating  the  thin  foil  from  -60"C  to  bO'  C.  When  cooling  down  to  - 
20‘’C  again,  these  domains  reappeared.  I'he  domain  structures 
observed  at  low  temperatures  suggest  that  the  contribution  of 
domain  walls  to  the  permittivity  of  B3SDYr  in  the  tetragonal 
phase  region  may  still  be  important.  Nanoprobe  FDX  analysis 
indicated  that  Sr  in  the  shell  region  (near  grain  boundaries)  is 


Fig. 3  Dislocations  in  the  core  region  of  B3SDYT  grain. 
Observation  was  performed  at  room  temperature. 


Fig. 4  (a)  Domain  stnicture  of  B3SDYT  at  20’C.  (b)  Disappearance 
of  the  domain  structure  of  B3SDY I  at  40“C.  The  domain  structure 
reappeared  when  the  specimen  was  cooled  down  to  2(fC  again. 
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Fig.S  Nanoprobe  EDX  shows  that  the  Sr  content  in  the  grain 
boundary  region  was  higher  than  that  in  the  grain  centre  region. 

higher  than  that  in  the  core  region,  as  shown  in  Fig..*'.  This  might 
be  due  to  the  segregation  of  Sr  to  the  grain  boundary,  which 
resulted  in  DPT  characteristics. 

IV.  DISCUSSION 

ID  Grain  growth  inhibition  and  diffuse  phase  transition 
behaviour 

It  is  well  known  that  donor  dopants  act  as  effective  grain 
growth  inhibitors  when  present  in  concentrations  greater  than  a 
certain  threshold  level  [D],  .  For  dysprosium,  it  is  found  that  (Dj^ 
a  0.4  at%  1^1.  The  transition  from  coarse  to  fine-grained 
coincides  with  a  transition  from  .semiconducting  to  insulating 
behaviour  as  a  result  of  a  change  in  the  mechanism  of  charge 
compensation,  from  electronic: 

Dy,Oj  ^  2710,  ^  2Dyg,  *  27i;  *  60;  ♦  |o,  *  2e> 

to  ionic: 

27>y,0,  -  3710,  -  47^^  +  371*  -  120/  -  p'"' 

In  the  latter  case,  it  is  assumed  that  titanium  vacancies 
will  be  the  dominant  cation  defect'"'.  Recently,  Desu  and 
Payne'’’'  have  put  forward  a  comprehensive  model  which 
suggests  that  the  donors  might  segregate  to  the  grain  boundaries, 
and  therefore  impede  grain  growth.  The  inhibition  of  grain 
growth  results  in  continuous  densification,  fine-grained 
microstnictures,  and  a  high  sintered  density,  as  observed  for  all 
our  Dy-doped  specimens.  It  is  known  that  rapid  grain  growth 
leads  to  intra-granular  porosity  which  impedes  densification  in 
the  final  stage  of  sintering'"',  as  observed  for  the  non-Dy-doped 
materials. 

The  broadened  permittivity-temperature  characteristic  in 
fine-grained  BaTiO, -based  ceramics,  termed  "diffuse  phase 
transition"  (DPT),  is  important  for  commercial  temperature- 
stable  capacitor  applications'"'.  Additives  such  as  ZrO^'"', 
CdBi2Nb209''^',  and  Bi4Ti(0|2'"'  have  been  employed  to  achieve 
this  requirement.  The  microstructures  of  these  ceramics  are  often 
characterized  by  a  core-shell  structure,  comprising  a  core  of 
ferroelectric  domains  and  a  paraelectric  shell.  It  is  believed  that 
this  core-shell  structure  is  due  to  compositional  fluctuations 
during  sintering  and  is  the  origin  of  the  macroscopic  DPT 
behaviour  in  BaTiO, -based  materials'"  The  model  given  by 
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Desu  and  Payne' ‘’I  explains  the  interfacial  segregation  in  BaTiO, 
and  SrTiO,  ceramics,  in  which  the  isovalent  dopants  segregate  to 
the  interfacial  regions  (grain  boundaries),  in  terms  of  strain 
energy  considerations.  The  higher  the  strain  energy,  the  greater 
the  driving  force  for  segregation.  For  example,  the  Ba/Ti  ratio 
observed  for  10  at%  Ba"^  in  PbTiOj,  SrTiOj  and  CaTi03 
ceramics  at  the  interface  was  0.162,  0.24,  and  0.532, 
respectively.''*'  In  the  present  study,  a  core-shell  like  structure 
was  observed  in  fine-grained  Dy-doped  barium  strontium  titanate 
but  not  in  fine-grained  BaTiO,  and  non-Dy-doped  (Ba,Sr)Ti03. 
The  segregation  of  Sr  near  grain  boundaries  was  also  observed 
in  the  former  sample.  This  could  be  explained  if  we  take  grain 
boundaries  as  a  segregation  sink  for  isovalent  ions.  For  a  fine 
grain  size,  such  as  1  jrm  in  our  case,  the  grain  boundariy  region 
can  not  be  ignored.  The  segregation  of  Sr  toward  the  grain 
boundaries  from  the  grain  centre  will  cause  lattice  mismatch  and 
internal  stress  within  the  grain  which  will  subsequently  produce 
dislocations  when  the  Sr  concentration  is  sufficiently  high.  The 
DPT  behaviour  observed  in  the  Dy-doped  barium  strontium 
titanate  can  thus  be  attributed  partly  to  an  inhomogeneous 
distribution  of  strontium.  For  the  coarse-grained,  non-Dy-doped 
(Ba|.,Sr,)TiO,  materials,  the  influence  of  strontium  segregation 
on  the  dielectric  behaviour  should  be  negligible.  For  example,  if 
we  take  the  effective  thickness  of  the  strontium  rich  layer  as  0.25 
pm,  the  proportion  of  the  total  volume  occupied  by  the 
segregation  region  would  be  =  75  %  for  the  fine  grained  materials 
(grail,  size  ==  1  pm)  and  only  2  %  for  the  coarse-grained 
materials  (grain  size  =  50  pm).  Hypothetical  strontium 
concentration  profiles  within  fine  and  coarse-grained  materials 
are  presented  in  Fig.6.  „„ 
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Fig.6  Hypothetical  Sr  concentration  profile  near  the  grain 
boundary.  The  proportion  of  the  total  volume  occupied  by  the 
Sr-rich  region  will  be  much  smaller  in  coarse-grained  materials. 


Attempts  to  produce  a  more  homogeneous  distribution  of 
strontium  by  quenching  directly  from  the  sintering  temjjerature 
resulted  in  a  more  homogeneous  distribution  of  the  donor,  Dy, 
and  produced  a  dark,  semiconducting  material,  as  noted  by  Desu 
and  Payne'*^'.  It  is  likely  that  the  internal  stress  in  the  fine¬ 
grained  materials  will  also  play  some  part  in  broadening  the 
phase  transition  region,  since  it  is  well  known  that  the  transition 
temperature  of  barium  titanate-based  ceramics  is  dependent  on 
hydrostatic  pressure''®'.  The  relative  contributions  of 
compositional  inhomogeneity  and  internal  stress  to  the  DPT 
behaviour  of  fine-grained  barium  strontium  titanate  ceramics 
have  yet  to  be  established. 


(2)  High  permittivity  of  Dv-doped  materials 

The  high  permittivity  of  fine-grained  BaTiO,  ceramics  in 
the  ferroelectric  state  (below  '!>)  has  been  explained  in  terms  of 
internal  stress'*-^'  or  of  an  increased  domain  wall  contribution'®'. 
In  the  present  study,  we  have  observed  ferroelectric  domain 
structures  in  all  of  the  Dy-doped,  fine-grained  materials,  in 
contrast  to  previous  reports'^'.  It  could  be  suggested  that  this 
itself  does  not  represent  conclusive  evidence  that  fine  domains 
would  exist  in  bulk  materials  since,  as  noted  above,  the 
mechanical  constraint  in  a  thin  foil  will  be  different  to  that  of  a 
grain  clamped  in  3  dimensions.  However,  Arlt  has  presented 
clear  evidence  of  fine  90°  domain  structures  in  polished,  etched 
sections  of  fine-grained  BaTiO,  ceramics''"'.  TTius,  it  appears 
likely  that  the  domain-wall  contribution  will  play  a  major  role. 
An  analysis  of  the  results  in  terms  of  the  recent  model  developed 
by  Arlt  and  Pertsev'®'  would  not  be  appropriate  at  present,  since 


it  has  not  yet  been  possible  to  determine  the  lattice  parameters 
of  all  the  materials  in  the  tetragonal  region,  and  the  dielectric 
behaviour  is  further  complicated  by  the  segregation  of  strontium 
Further  work  will  be  required  in  order  to  clarify  the 
effects  of  strontium  segregation,  and  to  quantify  the  domain  wall 
and  volume  contributions  to  the  high  permittivity  of  the  fine¬ 
grained  materials.  In  particular,  this  will  involve  the  preparation 
of  materials  by  ’chemical’  methods,  which  should  produce  a  more 
homogeneous  initial  distribution  of  strontium,  and  the  fabrication 
of  fine-grained  barium  strontium  titanate  ceramics  without  the 
use  of  a  donor  dopant. 


CONCLUSIONS 

The  dielectric  properties  of  fine-  and  coarse-grained  (Ba, 
jSrJTiO,  were  measured  and  correlated  with  their 
microstructures.  All  of  the  fine-grained  materials  exhibited  a 
higher  dielectric  permittivity  below  the  cubic-tetragonal  phase 
transition  than  that  of  the  coarse-grained  materials.  With 
increasing  levels  of  strontium,  the  peak  in  permittivity  at  the 
Curie  point  was  suppressed  and  the  phase  transition  region  was 
broadened.  TEM  observations  suggest  that  domain-walls  may 
make  a  substantial  contribution  to  the  high  permittivity  of  the 
fine-grained  ceramics,  and  that  the  DPT  behaviour  is  due  to  the 
combined  effects  of  compositional  heterogeneity  and  internal 
stress. 
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AbslrakU  hi  this  paper,  the  grain  size  effect  observed  on  the 
dielectric  properties  of  Sro  iBay  gTiO^  (SB  1)  ceramic  is  reported. 
For  this  study.  SBT  powder  prepared  by  a  hydrothermal  procedure 
was  used.  A  porous  ceramic  was  prepared  by  sintering  the  powder 
compacts  between  I  I  DOT- I  .^.SO’C/.'imin  - 1  Oh,  either  by 
conventional  sintering  or  by  fast  firing'.  When  the  average  grain 
size  of  the  ceramic  was  betweeit  0.7.‘i-1.2  (im.  the  room 
temperature  dielectric  constant  peaks  to  5?00-6(KK)  In  porous  fine 
grain  ceramic  also,  classic  P  vs.  E  hysteresis  behavior  is  observed. 


Grain  size  effects  on  the  dielectric  properties  of  BaTiO,  has 
been  an  active  area  of  resetirch  over  three  decades  Ever  since, 
Kniekatnp  and  Heywangj  1 1  reported  the  observation  of 
anomalously  high  room  temperature  dielectric  constant  in  BaTiO) 
ceramic  with  an  average  grain  size  of  1  pm.  several  res»arch 
articles  appeared  in  the  literature.  Careful  literature  review 
indicate  that  the  observed  grain  size  effect  is  a  strong  function  of 
several  extenial  tmd  a  few  internal  variables.  Effect  of  chemic.il 
purity,  preparation  procedure,  initial  particle  size  distribution  of  the 
powder,  final  grain  size  distribution,  resistivity  of  the  grains  attd 
the  grain  boutidaries  and  the  density  of  the  ceramic  etc.,  should  be 
con.sidered  as  external  contributions  to  the  dielectric  anomaly. 
Through  citreful  preparacon  it  is  possible  to  minimize  the  effect  of 
external  variables. 

While  discussing  the  intrinsic  effect,  it  is  necessary  to 
consider  the  boundary  conditions  very  carefully.  Buessem  et 
al..|2|  prepared  high  density  ceramic  with  varying  grain  sizes. 
SEM  walysis  of  the  fine  grain  ceramic  showed  fewer  ferroelectric 
domains  as  compared  to  coarse  grain  ceramic.  It  is  well  known 
that  in  a  coarse  grain  ceramic,  the  volume  change  a.ssociated  with 
the  cubic  to  tetragonal  phase  transition  is  minimized  through 
domain  fonnation.  In  fine  grain  ceramic,  grains  without  multi¬ 
domains  will  induce  stress  of  complex  nature  on  other  grains. 
Anomalous  increases  in  the  dielectric  constant  of  fine  grain 
ceramic  are  explained  as  a  direct  consequence  of  the  stress. 

Arit  et  al.,  I.T)  on  the  other  hand,  observed  that  the  domain 

stze  IS  a  strong  function  of  grain  size.  Through  SEM  and  TEM 
observations,  they  observed  an  increase  in  the  domain  density 
when  the  average  grain  size  of  the  ceramic  was  between  1  pm  and 
10  pm.  Additionally,  the  domain  size  reduced  as  a  function  of 
grain  size.  TTiey  proposed  that  the  increase  in  room  temperature 
dielectric  cotistant  is  at  least  partially  oue  to  the  increase  in  domain 
wall  density. 

.  |4|  observed  similar  anomaly  in  a  porous 
cer^ic.  Effect  of  density  on  the  magnitude  of  dielectric  constant 
IS  dtscussed  in  a  paper  by  wa  Gachigi  et  al,.|51  in  this  issue. 

In  fine  grain  Bari03  ceramic,  the  tetragonal  to 
orthorhombic  transition  occurs  nearer  to  25'C  instead  of  0-,‘i'C 
Some  of  the  observations,  such  as  the  difference  in  domain  size, 
splitting  of  <2{)0>  peak  in  XRD  patterns  are  expected  to  be 
utfluenced  by  the  presence  of  the  orthorhombic  pha.se. 

To  minimize  the  complications  due  to  the  orthorhombic 
phase,  it  is  desirable  to  investigate  the  grain  size  effect  in  BaTiO)- 
based  solid  solutions.  Moreover,  understanding  the  size  effect  in 
commercially  important  solid  solutions  such  as  Sri.^Ba^TiGy, 


Ba(ZrjjTi).,)03  etc.,  is  essential  to  tailor  the  mierostmeture  of  fine 
grain  thin  layer  MLCs  and  thin  films.  In  this  paper,  we  describe 
the  grain  size  effect  on  the  dielectric  properties  of  Sr(,  iBa^  gTiO) 
ceraipic.  We  have  used  conventional  and  'fast  firing'  schedules  to 
prepare  ceramics  with  differing  densities.  The  size  elfects  were 
studied  through  microstructure.  XRD,  dielectric,  and  P  vs  E 
hysteresis  behavior. 

Experimental 

For  this  study,  Srp  pciwder.  prepared  by 

hydrothermal  procedure.  (Cabot  Corporation.  Boyertown,  PA)  was 
used.  The  B.  E.  T.  surface  area  of  the  powder  is  14.6  ni-/gm.  The 
.SEM  microgr.iph  of  the  powder  (Fig.  I )  clearly  shows  the  size 
uniformity. 

The  powder  was  blended  with  appropriate  amount  of  PVA 
solution  and  glycerol  Pellet  preparation  and  binder  evaporation 
procedures  are  elaborated  in  Ref.  (6)  Binder  removed  pellets  were 
sintered  between  I  l(M)’C  and  ITWC  for  5min  -10h  in  a  clean 
furnace.  For  conventional  firing,  heating  and  cooling  rates  were 
maintained  as  4(K)'C/h.  For  fast  firing',  the  samples  were  healed  to 
951)  C  at  a  rate  of  4()0'C/h  and  then  to  the  soak  temperature  at 
1000*C/h.  They  were  cooled  to  room  temperature  with  a  similar 
.schedule.  Bulk  density  was  measured  only  when  the  density  of  the 
sintered  samples  were  greater  than  90%  theoretical.  For  the  rest  of 
the  samples,  geometrical  densities  are  reported.  Procedure  for 
dielectric  and  P  vs.  E  measurements  are  elaborated  in  Ref.  |7|. 


Fig,  1.  SEM  micrograph  of  'as  received'  SBT'  powder. 
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Deiisilies  of  the  siniered  peilcis  are  listed  iii  lahle  I 
T>pitaJ  niicroslrueturcs  of  the  saioples  sintered  below  12,‘>0‘C'  ;ue 
shown  in  Fig  2.  As  the  panicle  size  distribution  of  the  stanmg 
powder  was  narrow,  the  grain  size  distiibution  ol  the  sinteied 
ceramic  also  remained  narrow  Bui  when  the  sintering  tem()erature 
was  raised  beyond  125()‘C,  abnonnal  grain  growth  occuied  Ihus 
it  was  not  possible  to  prepare  samples  with  unitonn  grain  size  in 
the  range  of  3-10  pm 

In  Fig  3  ,  the  temperature  effect  on  the  dielectric  properties 
are  compared  These  K  vs  T  plots  ate  not  compensated  for 
porosity  Higher  room  temperature  dielectric  constant  observed  in 
samples  sintered  at  I2(H)’C  with  an  average  grain  size  of  0  d  pm. 
and  RT'T  of  theoretical  density  (  Table  I),  clearly  shows  the 
existence  of  grain  size  effect  in  SBT  very  similar  to  that  observed 
in  pure  BaTiOj  Dielectric  constant  values  at  room  temperature 
and  at  T^.  of  all  the  samples  are  compared  in  1  able  I  To 
compensate  the  values  for  porosity.  Botcher's  equation  was  used 


Fig  3.  Dielectiic  properties  of  .SBT  ceramic  sinietcd  at 
(a»l2(M)  (72h.  (b)  1 3()()  (,72h.  (c)  I3M)  (72h  anil  (dl  l3'i(T(7l((h; 
solid  lines  are  dielectric  constant  and  doited  lines  aie  dielectric  loss 
Fig  2  lypical  inicrosiiiKture  ot  SHI  cci.imic  siniered  at  data  measured  at  I  kHz. 

(all  100  C71()h  and  (b)  I  2(M)  ( /2li. 


Table  1  Physical  ami  dielectric  properties  of  SBT  ceramic 
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C'ninpariiig  liic  |H>r(i':il>  imiceleil  values,  il  is  clear  that  a  peak 
room  temperature  ilieleviiK  coiisiani  of  5MK)  hlMR)  is  ohservcd 
when  the  average  giam  si/e  i.t  theveiaiiiic  is  between  (17f>  1  2  pm 
In  Fig  4a.b.  anil  c,  llie  liet(ueiiiy  elteci  on  the  dielectric  constant 
of  ceramic  with  dilleiiiig  grain  si/es  .ue  plotted  Above  Tj^,  K  vs 
T  behavior  is  neaily  iiule|H-nilenl  ol  nieasuiing  tiequency  in  all  the 
cases  111  fable  I.  Ciiiie  lorisiani  ol  these  samples  are  compared 
As  seen  the  inaginiudc  tails  wiilnii  a  iianow  range  of  14  17s 
Kl'i'Cl  In  fig  4b  ami  i  line  grain  leiainii  show  smearing  ol 
dielectric  (ie;tJi  at  all  lliiee  tiansition  ieni(>eialuies  In  table  I.  Iwo 
of  the  transition  tenipeialnies  are  listed  When  the  average  grain 
si/e  of  the  ceramic  is  reilmed  lioni  III  pin  to  0  7  pm,  the  cubii  to 
tetragonal  transition  lenipei  nine  ileueases  tioin  b7  ('  to  h2'f'. 
whereas  the  tetiagon.il  to  oiihoihombic  transition  lem[>eralure 
raises  fiom  2S  ('  to  I'l  (  Siiiie  the  dielecliic  peak 

correspoiiiliiig  to  tin  oitlioihombk  to  ihombohedral  transition 
occurs  over  a  large  teinpeialnie  range  in  tine  grain  ceramic,  these 
values  are  not  taluil.ited 

In  fig  “i.  the  P  Vs  f  belnn  ioi  ol  ilnee  SiUn|)les  is  compared 
As  seen,  in  fine  grain  l  ei aiiiics.  the  induced  polarisation  reduces 
systematically  Hiii,  snne  the  density  ol  these  siunples  ;ue  not  the 
same,  only  the  general  hehavim  shnuld  he  cnnsideied  fnr 
coiiiparison  f'ven  in  ,i  line  grain  imnnis  ceramic,  appeanuice  nf 
the  classic  I’ vs  li  hysieiesis  is  paitictilaily  iinticeahte  lit  fahlc  1. 
P,  and  values  cah  iilaleil  tinin  the  h>  sleiesis  curves  are  listed 

In  Fig  b  a  and  h,  the  pnlished  and  etched  inicrnsiructuies  ol 
two  ot  the  siiiteieil  iiranius  are  shown  fhe  samples  were 
polished  slowly  and  larelnlly.  so  that  the  surfate  lemiveralure  nf 
the  samples  ate  mainiaineil  .ilvv.iys  neaiei  to  mom  lem|>eralure  fo 
gel  a  represeiilaiive  doni.nn  siincltne  of  the  Imik,  about  0  I  -0  2  inm 
thick  suiface  layei  was  icmoMd  heloie  polishing  In  Fig  bh. 
domains  in  the  line  grain  teiamie  is  very  clearly  seen  Since  lire 
density  of  the  samples  tried  at  lein|)eiaiiires  below  I  KKI’C'  were 
low,  it  was  not  possible  m  polish  them  jiiopetly  At  present 
eventhoiigh  the  cxisietuc  ol  iniilli  domains  in  fine  grain  ceriunic  is 
clearly  demonsitaled.  il  is  necessaiy  to  prepare  dense  ceramic  to 
quantify  the  domain  size  ,ind  the  ilomaln  density  us  a  function  of 
grain  si/e. 


T  o  mr;  e  d  f  11  r  e  •’’C' 


fig.  4.  F.fleci  of  measuring  frequency  on  the  dielectric  properties  Fig.  5.  P  vs  [■;  hvsu  n  sis  hch.ivim  of  SBf  ceramic  sintered  at 
of  .SBf  ceramic  sintered  at  (a)  l2,S(n72h.  (h)  I  27.“;  C/.'vmin  (Fast  (I)  1  VMIh,  ( 2)  I2(KI  (  ,ind(  I  11)0  ('/lOh. 
fired),  and  (c)  I  100  C/bh;  measuring  frequencies  were  0  I  1  10 
and  UK)  kHz. 
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l  ij!  fi  I’dlislieJ  ;inil  cutieil  iiiicii'sttiii.liite  ot  SM  I'  cer;miic 
sintcreil  ;il  la)  1  '()() X'/l Oh.  aiul  (b)  I  0)0‘(’/l0  min. 


C'diitiusioiis 

Hasi-tt  on  the  experiinenial  observations,  the  lollowuig 
eoiiilusions  aie  Orawn 

1  When  the  giant  size  ol  the  cefaiiiit  is  Itelween  0  ?*>  I  2 
pm,  the  Kf(  (  viiJues  peaks  to  .S.MKJ  6000 

2  I  lie  ('uiie  eoMsiaiit  of  the  teramie  is  lelativelv 
iitrleireiiileiit  of  the  grain  size 

f  In  fine  grain  eeramies,  suppression  of  le  and 
enliariceineiK  of  low  leiii(>cialure  (runsitions  are  ilearlv  seen 

4  ^inc  grain  eermnies  also  show  classie  P  vs  p  hysteresis 
hehav  ior 

5  [•-tched  and  polished  microstruetuie  of  tine  grain  porous 
teriuiiit  show  multi  domain  characteristics 

I  o  i|uaiilily  the  results,  it  is  necessarv  to  prepare  ilense 
ceramics  with  ilitlering  average  grain  sizes  ranging  from  0  I  pm  to 
lOpm  with  luurow  distribution 
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Abstract 

Hydrothermal  synthesis  has  shown 
promise  as  a  technique  for  preparing 
submicron  powders  of  multicomponent  oxides. 
Powders  obtained  by  this  technique  have 
been  used  successfully  to  achieve  fine 
grained,  dense  ceramics.  Here,  the 
processing  of  modified  lead  titanate 
powders  by  hydrothermal  synthesis  and  the 
fabrication  of  ceramics  from  the  powder 
produced  are  described.  Results  of  powder 
and  ceramic  characterisation  are  presented 
and  related  to  the  processing  conditions 
used.  The  dielectric  and  piezoelectric 
properties  of  the  ceramics  obtained  are 
compared  with  those  for  ceramics  prepared 
by  conventional  mixed  oxides.  Finally,  the 
use  of  hydrothermal  synthesis  for  the 
preparation  of  ceramics  for  high  frequency 
devices  will  be  discussed. 

Introduction. 

Hydrothermal  synthesis  has  been  used 
by  a  number  of  researchers  to  prepare  lead 
titanate  powders  [1,2].  The  powders 
obtained  are  of  submicron  particle  size  and 
are  generally  realized  at  temperatures 
below  300  °C.  However,  much  of  the  work 
carried  out  has  concentrated  on  producing 
pure  lead  titanate  powders,  and  little 
attention  has  been  given  to  modified 
compositions  or  the  sintering  behavior  of 
the  powders . 

Here,  the  aim  of  the  work  was  to 
produce  hydrothermal ly  synthesized  powders 
and  then  to  manufacture  fine  grained 
ceramics  for  use  in  high  frequency  medical 
transducers.  To  this  end,  a  simple  route 
based  on  TiOj  powders  has  been  developed  for 
the  preparation  of  the  precursor  for 
hydrothermal  synthesis.  Although  the 
precursor  obtained  is  less  reactive  than 
those  prepared  from  TiCl^  or  Ti-alkoxide, 
the  process  is  less  complicated  and  entails 
reduced  risk  to  health,  making  it  more 
suitable  for  large  scale  production.  A 
composition  of  samarium  modified  lead 
titanate  was  chosen,  which  has  a  high  k,  and 
k,/kp  ratio,  suitable  for  high  frequency 
single  element  devices.  This  paper 
describes  the  powder  preparation  and  the 


ceramic  fabrication,  and  relates  the 
processing  conditions  to  the  properties 
obtained.  In  addition,  the  material  is 
evaluated  for  high  frequency  applications. 

Experimental  Procedure. 

The  modified  lead  titanate  with 
composition,  ( Pbo  gg ,  Srrio  )  (Ti^  Mnj,  >03 
(PTS),  was  prepared  as  follows.  The 
required  quantities  of  lead,  samarium  and 
manganese  nitrates  were  dissolved  in  de¬ 
ionized  water  and  mixed  together.  The  mixed 
solution  was  then  added  to  a  stirred 
suspension  of  fine  TiO,  powder  (particle 
size  <  0.2  pm)  in  de-ibnized  water.  The  pH 
was  adjusted  to  between  8  and  12  using  NaOH 
solution  and  the  volume  of  water  increased 
to  2  liters,  giving  a  concentration  of 
0.5  M. 

The  suspension  was  then  placed  into  a 
4  litre  autoclave.  The  percentage  of  volume 
filled  (50  %)  and  the  temperature 
determined  the  pressure.  Hydrothermal 
synthesis  was  carried  out  for  10  hours  at  a 
temperatures  between  250  and  300  °C  (2  -  8 
MPa).  The  resulting  powders  were  washed 
repeatedly  to  remove  the  nitrate  and  sodium 
ions.  A  sample  of  the  powder  was  reserved 
for  characterisation,  which  included.  X-ray 
diffraction  (XRD)  and  determination  of 
particle  size  and  morphology  by  scanning 
and  transmission  electron  microscopy  (SEM  & 
TEM)  . 

At  this  stage  the  fabrication  of 
ceramics  has  not  been  optimised.  Instead 
the  powders  were  processed  by  a  similar 
method  to  that  used  for  mixed  oxides.  A 
binder  was  added  to  the  vet  powder  and  the 
powder  was  dried.  Discs  were  dry  pressed 
and  sintered  at  1100  -  1200  “C  for  2  hours. 
The  sintered  discs  were  ground  to  obtain 
parallel  faces  and  electroded.  The  discs 
then  were  poled  at  100  °C  for  10  minutes 
with  an  electric  field  of  8  kV/mm.  After 
ageing  for  24  hours,  the  dielectric  and 
piezoelectric  properties  were  measured.  The 
sintered  ceramics  were  characterised  using 
SEM  to  determine  average  grain  size  and 
quantitative  energy  dispersive  X-ray 
analysis  (EDX)  technique  to  study 
composition . 
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Resu  Its  and  Discuss  ion ■ 


An  XRD  pattern  for  a  powder 
synthesized  at  290  °C  for  10  h,  pH  of  8 
(PTS-8)  is  shown  in  Figure  1.  The  powder 
comprised  the  perovskite  phase,  along  with 
a  small  amounts  of  unreacted  TiO,.  A  large 
peak  was  also  observed  at  2.64  A'.  The 
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Figure  1  XRD  pattern  for  powder,  PTS-8 
synthesized  at  290  “C,  for  10  hours 
(pH  =  8)  . 


nature  of  this  peak  suggested  the  presence 
of  a  preferentially  orientated,  well 
crystallized  phase,  consisting  of  particles 
much  larger  than  those  of  the  perovskite. 

The  SEM  micrograph  of  the  powder, 
shown  in  Figure  2,  indicates  that  the 
perovskite  particles  are  submicron  in  size. 


Figure  2  SEM  micrograph  of  powder,  PTS- 
8,  synthesized  at  290  °C  for  10  h 
(pH=8)  . 


From  TEM,  the  particle  size  was  determined 
to  be  50  to  200  nm .  In  addition,  SEM 
examination  revealed  the  presence  of  a  few 
(approximately  3  volume  %)  large  hexagonal 
shaped  crystals  (see  Figure  3)  which  give 
rise  to  the  diffraction  peak  at  2.64  A.  EDX 
analysis  of  these  crystals  showed  the 
presence  of  lead,  indicating  that  they  were 
of  a  lead  oxide  composition;  the  XRD 
analysis  matched  PbO,  [3].  To  the  authors 
knowledge,  it  is  the  first  time  that  these 
crystals  have  been  observed  in  the 
processing  of  lead  titanate  by  hydrothermal 
synthesis.  Their  presence  may  be  related  to 
the  use  of  lead  nitrate  as  a  raw  material. 
However,  the  crystals  ate  not  detrimental 
to  the  preparation  of  lead  titanate 
ceramics  as  they  are  removed  during 
sintering . 


Figure  3  SFM  micrograph  of  PbO_.  phase 
in  PTS-8  powder. 


Attempts  were  made  to  eliminate  the 
presence  of  unreacted  TiO,  after  synthesis. 
These  included:  increasing  the  reaction 
temperature;  and/or  pH;  and  sieving  or 
milling  the  TiO,  powder  to  decrease  the 
agglomerate  size.  Although,  a  reduction  in 
the  guantity  of  TiO,  phase  was  achieved,  it 
was  not  possible  to  remove  it  entirely. 
However,  powders  containing  the  lowest  Ti02 
content  were  obtained  by  replacing  the  TiO, 
starting  material  with  an  ultra-fine  powder 
(Tioxide,  UF12).  After  synthesis  at  290  °C 
for  10  h  (pH=10),  the  XRD  pattern, 
presented  in  Figure  4,  shows  that  the 
powder  (PTS~UF)  comprised  mainly  the 
perovskite  phase,  with  only  small 
quantities  of  rutile  TiO,  (approximately  4 
%)  and  PbO,. 


Figure  4  XRD  trace  of  PTS-UF  ceramic 
sintered  at  1150  °C  for  2  hours 


The  optimum  sintering  temperatures  for 
the  ceramics  were  dependant  on  the 
hydrothermal  conditions  used  to  prepare  the 
powders.  For  example  powders  synthesized  at 
290  °C  (pH  <  12),  ceramics  with  maximum 
density  were  obtained  by  sintering  at  1150 
°C  for  2  hours.  However,  powders 
synthesized  at  higher  temperatures  or  pH  2 
12,  required  a  sintering  temperature  of 
1200  “C. 

After  sintering,  XRD  analysis  showed 
the  ceramics  contained  both  the  perovskite 
phase  and  a  small  quantity  of  rutile  TiO,. 
The  TiO,  content  of  the  PTS-UF  ceramics  was 
estimated  at  approximately  4  %,  Figure  5. 
PbO,  was  not  detected  in  any  of  the 
ceramics . 


Figure  5  XRD  pattern  for  Powder  PT(Sm)- 
UF  synthesized  at  290  °C  for  10  hours 
(pH=10) 


SEM  examination  of  polished  and  etched 
surfaces  of  ceramics  sintered  at  1150  °C 
for  2  hours,  revealed  the  average  grain 
size  of  the  ceramic  to  be  1  pm,  as  shown  in 
Figure  6.  The  pore  size  ranged  from  1  to  4 
pm. 


Figure  6  SEM  Micrograph  of  a  polished 
and  thermally  etched  surface  of  PTS-8.S 
ceramic  sintered  at  1150  °C  for  2  h. 

The  EDX  results  a  PTS  ceramic  is 
presented  in  Table  I.  The  measured  values 
obtained  are  similar  to  those  of  the 
nominal  compositions,  indicating  that  good 
compositional  control  was  achieved. 


Table  I  EDX  results  for  PTS-8.S  (S  = 
TiO,  powder  sieved)  sintered  at  1150  ®C 
for  2  hours. 


ratio 

nominal 

measured 

Pb/(Pb+Sm) 

0.92 

0.90 

Sm/  ( Pb+Sm, ) 

0 . 08 

0.10 

Ti/(Ti+Mn) 

0 .99 

0.99 

Mn/(Ti+Mn) 

0.01 

o 

o 

( Pb+Sm) / ( Ti+Mn ) 

C  .96 

0.89  1 

From  the  dielectric  and  piezoelectric 
properties  for  the  PTS  ceramics  presented 
in  Table  II,  it  can  be  seen  that  the  values 
obtained  are  similar  to  those  of 
Ferroperra's  Pz-34  (a  similar  composition  to 
PTS)  prepared  by  mixed  oxides.  Comparison 
of  PTS-UF  with  the  other  PTS  ceramics 
indicates  that  the  reduction  of  the  TiO, 
second  phase  had  little  effect  on  the 
dielectric  properties,  but  gives  an 
improvement  in  both  the  density  and  the 
piezoelectric  properties.  Thus,  PTS-UF 
offers  advantages  over  Pz-34  of  higher 
piezoelectric  properties,  lower  porosity 
and  finer  grain  size. 
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Table  II  Comparison  of  Properties  of  PTS 
ceramics  with  Pz-34. 


Ceramic 

density 
g/cm  ^ 

Cr 

tan  6 

kt 

% 

kp 

% 

PTS-8 

7.2 

190 

0.007 

43 

7 

PTS-8. S 

7.4 

206 

0.011 

42 

7 

PTS-12.S 

7.4 

189 

0.011 

43 

7 

PTS-UF 

7.7 

205 

0.011 

48 

5 

Pz-34 

7.6 

200 

0.019 

40 

3 

S=  TiO,  powder,  sieved. 

8  &  12"  refer  to  the  pH  used  for  synthesis 


The  thickness  of  some  of  the  PTS-8 
discs  was  reduced  to  0.24  mm,  resonant 
frequency  10  MHz,  without  any  appreciable 
change  in  properties,  and  the  materials 
were  evaluated  for  high  frequency  devices. 
Their  low  relative  permittivity  limits  them 
to  single  element  transducers,  used,  for 
example,  in  intravascular  imaging.  For 
these  applications,  the  high  k,/kp  ratio. 
Figure  7,  reduces  unwanted  resonances,  the 
high  k,  value  leads  to  an  efficient 
transducer,  and  the  low  dielectric  loss 
gives  low  noise.  The  lower  porosity  of  PTS- 
UF  ceramics  will  allow  thinner,  higher 
frequency  elements  to  be  manufactured. 
Finally,  ceramics  prepared  from  these 
hydrothermal  powders  are  especially 
suitable  for  single  element  devices,  where 
the  piezoelectric  element  is  very  small, 
often  1  -  2  mm  in  diameter. 


Conclusions 

A  simple  route  has  been  developed  for 
the  preparation  of  modified  lead  titanate 
powders  by  hydrothermal  synthesis  which  is 
suitable  for  large  scale  production. 

The  powders  obtained  have  submicron 
particle  size. 

Ceramics  fabricated  from  these  powders 
have  higher  densities  and  improved 
piezoelectric  properties  than  those  of  a 
similar  composition  prepared  by  the  mixed 
oxides  route. 

The  ceramics  offer  fine  grain  size  and 
properties  suitable  for  high  frequency 
single  element  devices . 
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In  this  study  the  synthesis  of  Ba(OC2E5)2  from 
Ba(C10^)2  and  LiOC2H5  was  discussed  first,  then 
Ba(OC2H572  and  Ti(OC^Hg)^  were  used  as  precursors  to 
prepare  ultrafine  BaTi03  powders.  The  result  shows  that 
Ba(OC2H5)2  can  be  obtained  from  Ba(C104)2  and  LiOC2fJ5. 
The  ethyl  alcohol  solutions  of  Ba(0C205)2  and  Ti(0C^^)^ 
mixed  in  equal  mols  were  hydrolyzed  in  refluxing;  to  fo-u 
gel .  The  gel  was  dried  at  90*C  and  then  heat  treated  at 
900®C  for  2  hours.  The  obtained  BaTi03  powders  have  an 
average  particle  size  o  f  0.15>im. 

Introduction 

With  the  development  and  applications  of  the 
high  performe''ce  ceramics,  higher  and  higher  demands 
have  been  posed  upon  the  purity,  particle  size  and 
homogeneity  of  Che  raw  materials.  The  high  purity, 
small  particle  size  and  good  homogeneity  of  the  raw 
materials  are  the  bases  of  the  reliability  and  stabilty 
of  ceramic  products. 

Sol-gel  processing  in  forming  compounds  has  at¬ 
tracted  much  of  recent  research  interest .[ 1 ] [2]  The 
ultrafine  powders  prepared  by  this  technique  are  ultra- 
pure,  homogenous  and  stoichiometical  and  can  meet  the 
high  demands  of  today's  high  performance  ceramics.  The 
repeatablity  of  these  ceramic  products  can  also  be  im¬ 
proved.  Several  researchers  have  prepared  BaTi03  pow¬ 
ders  through  sol-gel  processing. [3][4][5]  It  revealed 
from  their  reports  that  high  performance  ultrafine 
BaTi03  powders  can  be  obtained  via  hydrolysis  from  ba¬ 
rium  and  titanium  alcoholates. 

In  this  study  Ba(OC2H5;2  derived  fror.  •'he 
reaction  of  83(0104)2  and  LiOC2H5.[6]  Then  ultrafine 
BaTi03  powders  was  synthesized  using  Ba(OC2H5)2  and 
TiO(C4Hg)4  ® precursors. 

E.xprimental  Procedure 

Raw  Materials 

LiOC2H5,  Ba(C104)2,  Ti(0C4Hg)4,  ethylene  glycol 
and  absolute  alcohol  are  the  raw  materials  in  this 
study . 

Preparation  of  BaCOCpHt); 

Mix  83(004)2  and  Li(X;2H5  alcoholic  solutions  at 
a  1:2  mole  ratio.  The  mixed  solution  was  then  refluxed 
for  10  hours  under  heating  and  agitating  condition 
while  following  reaction  occured 

Ba(C104)2  +  2LiCC2H5  - -.Ba(OC2H5)2^+  2LiC104 

Centrifugate  the  products  after  the  reaction  completed. 
Wash  the  precipitate  three  times  with  absolute  alcohol, 
and  Ba(0C2H5)2  is  obtained. [8] 

Formation  of  Ultrafine  BaTiOg  Powders 

Dissolve  Ba(0C2H5)2  into  the  solution  of  ethyl 
alcohol  and  ethylene  glycol  mixed  at  a  4; I  volume 
ratio.  The  solubility  of  33(00285)2  in  absolute  alcohol 
can  be  increased  due  to  the  presence  of  ethylene  glycol, 
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therefore  the  overall  concentration  of  Ba(OC2H5)2  is 
also  increased.  The  solubility  can  be  determined  th¬ 
rough  chemical  a.nalysis.  Mix  the  solution  with  tetra- 
butyl  titanate  in  equal  mols  and  follow  sol-gel  process 
to  prepare  ultrafine  BaTiO  powders.  The  technological 
process  is  listed  as  following 


Tests  and  Analyses 

Differential  thermal  and  thermal  gravity  ana¬ 
lyses  were  conducted  on  the  derived  gels  with  a  LCT-II 
thermal  analyzer,  the  temperature  ascending  rate  in  the 
analyses  is  controlled  to  be  10°C/min.  The  phase  analy¬ 
sis  was  performed  with  a  D/max-rA  X-ray  diffractometer 
on  the  dried  gels  which  were  heat  treated  at  3(X)°C, 
750®C  and  9C)0®C  for  2  hours  respectively.  For  the 
ultrafine  BaTiOg  powders  derived  form  the  gel  which  was 
heated  at  900°C,  particle  size  and  appearance  was  ob¬ 
served  with  a  JE-IOOCX  TE.M. 

Result  and  Discussion 
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TG-OTA  results  for  dried  gel  were  shown  in 
Fig.l.  A  endothermic  peak  appears  at  95°C  accompanied 
w.th  40%  weight  loss  according  to  the  curves.  This  owed 
to  the  volatilization  of  large  amount  ethanol  and 
water.  The  heat  release  peak  appears  at  285°C  along 
with  a  10%  weight  loss  is  supposed  to  be  the  during  out 
of  organic  matter  in  the  gel  structure.  There  is  also  a 
heat  release  peak  at  7z5“C  on  DTA  curve  but  no  signi¬ 
ficant  corresponding  TGA  effect  emerges.  Ihis  is  caused 
by  the  transformation  from  amorphous  to  cystalline 
IlaTiO'j  at  this  temperature. 


Fig.l  TG-DTA  results  for  dried  gel 


X-ray  Diffraction 


Fig. 2  shows  the  X-ray  diffraction  patterns  for 
the  powder  samples  derived  from  dried  gels  heat  treated 
at  different  temperaturec.lt  has  been  envinced  that  the 
sample  existed  in  amorphous  state  at  300*C.  A  large 
amount  BaTi03  crystal  and  a  few  amorphous  matter  co¬ 
existed  at  750°C.  This  shows  no  difference  with  TG-DTA 
results.  The  samples  heat  treated  at  900'’C  seems  fully 
crystallized.  Formation  of  crystal  at  a  temperature  far 
below  the  theoretical  solid  state  reaction  temperature 
is  determined  by  characteristics  of  gel.  Solid  state 
reaction  is  related  to  the  diffusion  process.  The  dif¬ 
fusion  coefficient  is  rather  small  at  a  lower  tempera¬ 
ture  and  the  .caction  occurs  too  slow  to  complete.  In 
sol-gel  process,  with  the  existence  of  ethylene  glycol, 
Ba(OC2H5)  and  Ti(0C4H9)4  were  refluxed  to  form  compo¬ 
site  alcoholate  of  Ba  and  Ti(alcohoj.ate  in  the  form  of 
:Ti-0-Ba-  or  rTi-0-C2X4-0-Ba-) .  A  gel  with  its  compo¬ 
nents  mixed  at  atomic  level  was  obtained  after  hydroly¬ 
sis.  Remove  the  organic  matter  at  around  BOO’C,  the  a- 
morphous  BaTiOg  forms.  The  derived  powder  has  small 
particle  size  and  considerable  activity  and  will  cry¬ 
stallize  at  a  relatively  low  temperature. 


Parti cle  Size  Analysis 


o 


2J  (i'u  ■>) 


Fig. 2  X-r'  diffraction  patterns  for  the  powder 
samples  derived  from  gels  heated  at  different 
temperature 

fine  BaTiOg  powders  heat  treated  at  900*C  for  ?  hours 
were  observed  with  a  JF-IOOCX  TE‘‘ .  The  result  is  shown 
in  Fig. 3.  The  average  particle  size,  according  to  the 
TEM  photograph,  is  G.15pim.  It  is  also  shown  that  the 
particles  are  narrowly  distributed  in  size  and  is 
spherical  or  polyhedral  in  appearance. 


Fig. 3  Particle  appearance  observed  through  TEM 
for  the  powder  derived  from  900°C  heat  treated 
gel. 

Conclusions 


1.  Ba(CI04)2  and  LiOC2M5  can  be  used  as  pre¬ 
cursors  to  form  Ba((X2H5)2.  And  3aTi03  ultrafine  pow¬ 
ders  can  be  prepared  following  sol-gel  process  from 
Ba(OC2H5)2  and  Ti(0C4H9)4. 


2.  Ethylene  glycol  added  to  ethyl  alcohol  can 
increase  the  solubility  of  Ba(OC2H5)2  greatly  and  thus 
the  concentration  of  3a(OC2il5)2  and  Ti(0C4'’9)4  can  be 
increased.  This  leads  to  a  fast  sol-gel  process  to  form 
BaTiO^  gel. 

3.  Sol-gel  prepared  ultrafine  BaTiO-i  powders 
crystallize  significantly  if  heated  to  750*C  and  cry¬ 
stal  fully  develops  at  900°C. 


4.  Sol-gel  prepared  BaTiOg  powders  are  ultra- 
fine,  narrowly  distributed  in  size  and  spherical  and 
polyhedral  in  appearance. 


The  particle  size  and  appearance  of  the  ultra- 
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Relaxor  Dielectrics  : 
Synthesis  and  Properties 
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OF  ENTIRE  COMPOSITIONS  IN  THE  TERNARY  SYSTEM 
Pb(Mg„W,JO,-Pb(Ni.^NbJO,-PbTiO, 
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ABSTRACI 

Over  the  entire  range  of  composition  in  ternary  system 
Pb(Mg„W,J03-  Pb(Ni„3NbJO,-  PbTiO,  (  PMW  -  PNN  -  PT). 
crystal  structures  and  dielectric  properties  were  investigated. 
From  the  results,  a  morphotropic  phase  boundary  (MPB)  was 
found  on  the  compositional  line  with  45  to  50  mol%  PT  content. 
Pt  rich  composition  with  Tol  00  Ti  showed  steep  temperature 
dependence  of  dielectric  constant.  PMW  rich  composition  with 
Tc  around  room  temperature  or  below  showed  diffuse  phase 
transition.  Superlattice  reflections  due  to  the  ordering  of  Mg 
and  W  ions  in  the  perovskite  B-site  were  observed  in  the  X-ray 
diffraction  patterns  of  PMW  rich  composition.  Frequency 
dependence  of  dielectric  constant  was  observed  in  these 
composition.  D-E  hysteresis  loops  had  small  coercive  electric 
field.  These  results  indicate  that  PMW  rich  compositions  were 
relaxor  ferroelectric.  Downwards  Curie  temperature  shift 
according  to  the  PMW  content  was  saturated  in  the  PMW  rich 
compositional  region,  which  suggests  PMW  rich  region  is  not 
a  simple  solid  solution  but  a  nanometer-composite  of  ordered 
region  and  disordered  region. 


Recently,  lead-based  perovskite  compounds  have 
been  extensively  utilized  for  multilayer  ceramic  capacitors 


Y5V 


Figure  1.  Temperature  dependence  of  dielectric  constant  for 
ceramic  chip  capacitor's  practical  compositions  in  PMW  -  PNN 
-  PT  system. 


(MLCCs),  piezoelectric  actuators,  transducers  and  so  on. 
Among  lead-based  perovskite  compounds,  PMW  has  been 
known  to  form  solid  solutions  with  low  firing  temperature,  high 
resistivity,  and  wide  variety  of  temperature  dependence  of 
dielectric  constant.  PMW  is  an  antiferroelectrics  with  Tc^SST, 
and  Mg  and  W  ions  are  ordered  in  the  B-site  sublattice.  Solid- 
solution  systems  containing  antiferroelectric  Pb(Mg,.jW,J03 
have  been  widely  studied,  such  as  Pb(Mg,„W,^)03-PbTi0,,’) 
Pb(Mg,,W,J03-Pb(Mg„NbJ03.2)  Pb{Mg,,W,J03- 

Pb(Fe,Ja,J03.3)  Pb(Mg„3W„3)0,-Pb(Fe„Nb„3)03,'') 

Pb{Mg.„W, J03-BiFe03S)  and  Pb(Mg,^W,  J03-PbZr036). 

Yonezawa  developed  dielectric  materials  for  MLCCs  in 
the  ternary  system  Pb{Mg,,W,,)03-Pb(Ni,^Nbj^)03-PbTi03 
(PMW-PNN-PT).7)  This  system  has  excellent  properties  for 
capacitors  because  the  antiferroelectric  component,  PMW, 
moderates  or  weakens  the  ferroelectricity  of  PNN  and  PT. 
Thus,  capacitors  with  various  characteristics,  Y5V,  Y5U,  Y5T 
of  the  Electronic  Industries  Association  (EIA)  specifications, 
can  be  easily  designed  through  the  use  of  this  system.  Figure 
1  shows  the  temperature  variation  of  dielectric  constant  in  this 
ternary  system. 

In  the  PMW-PNN-PT  ternary  system,  end  components 
have  different  dielectric  phases  and  different  crystal  structures 
to  each  other:  PMW  is  an  antiferroelectric  of  Tc=38‘C  with  B- 
site  cations  ordered,  PNN  is  a  relaxor  ferroelectric  of  Tc=- 
1 20 "C  with  relaxor  type  B-site  cation  arrangement,  and  PT  is  a 
normal  ferroelectric  of  Tc=490  with  simple  perovskite 
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Figure  2.  Crystal  structures  in  PblMg.^W.  JO,-  Pb(Ni,3Nbj3)03- 
PbTi03  system  at  room  temperature. 
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structure.  Dielectric  behavior  and  crystal  structures  ot  this 
solid  solution  are  therefore  very  interesting.  In  this  paper,  we 
studied  crystal  structures  and  dielectric  properties  over  the 
entire  range  of  composition  in  order  to  understand  the  effect  of 
PMW  component  quantitatively.  Based  on  the  results  obtained, 
we  discuss  the  relationship  between  crystal  structures  and 
dielectric  properties  in  this  system. 


EXPERIMENTAL  PROCEDURE 

Disk  samples  or  all  compositions  in  this  ternary  system 
were  prepared  by  the  conventional  mixed  oxide  method.  Oxide 
raw  materials  of  PbO  and  WO3  with  purity>99.9%  and  MgO, 
NiO,  NbjOj  and  TiOj  with  purity>99.5%  were  weighed  in 
stoichiometric  proportions  and  mixed  by  ball-milling  with 
deionized  water,  using  resin  pots  and  resin-coated  lead  balls. 
The  mixtures  were  calcined  at  800  to  850  'C  .  The  calcined 
powders  were  ball-milled  again,  dried  and  pressed  into  pellets 
of  16mm  diameter.  Disk  samples  were  fired  at  900  to  1250‘C. 

Crystal  structures  and  lattice  constants  were  determined 
by  X-ray  diffraction  patterns.  Capacitance  and  dissipation 
factor  were  measured  over  the  temperature  range  -200  to 
350 "C  at  the  frequencies  100Hz  to  100kHz  using  a  digital  LCR 
meter  (YHP4274A). 

In  order  to  evaluate  the  compositional  dependence  of  the 
dielectric  behavior,  D-E  hysteresis  loops  were  measured  by 
means  of  a  Sawyer-Tower  circuit  using  chip  capacitors 
fabricated  with  silver-palladium  internal  electrodes. 


Over  the  entire  composition  in  PMW-PNN-PT  system 

Figure  2  shows  the  crystal  structures  at  room 
temperature  in  this  ternary  system.  Tetragonal  phase  is  in  the 
compositional  region  with  PT  content  more  than  45  to  50  mol%, 
orthorhombic  phase  only  in  pure  PMW  and  pseud-cubic  in  the 
remaining  compositional  region.  A  morphotropic  phase 
boundary  (MPB)  was  found  on  the  compositional  line  with  45 
to  50  mol%  PT  content.  Figure  3  shows  the  compositional 
dependence  of  dielectric  constants  in  this  system.  Comparing 
Fig.2  with  Fig.3,  the  compositions  around  MPB  are  found  to 
exhibit  the  highest  dielectric  constants  at  room  temperature.  In 
addition,  it  should  be  pointed  out  that  extra  peaks  from 
superlattice  structures  appeared  in  the  PMW-rich 
compositional  region,  as  shown  in  Fig.4.  Figure  5  indicates 
the  intensity  ratio  of  superlattice  extra  peak  (  1/2  1/2  1/2  )  to 
perovskite  (111)  peak.  The  superlattice  structure  appears 
because  some  part  of  Mg  and  W  ions  are  ordered  in  1 :1  NaCl- 
type  arrangement  at  the  B-site  sub-lattice  of  perovskite. 

Based  on  the  results  obtained  above,  it  was  thought 
that  the  characteristic  of  this  ternary  system  could  be  clearly 
understood  by  investigating  the  crystal  structures  and 
dielectric  properties  as  a  function  of  PMW/PT  ratio.  The 
compositional  line  of  30mol%  PNN  content  were  selected,  and 
with  changing  PMW/PT  compositional  ratio  dielectric 
properties  and  crystal  structures  were  intensively  studied. 

Crystal  structure  and  dielectric  properties 

Figure  6  shows  the  lattice  constant  at  room  temperature. 
Figure  7  shows  the  temperature  dependence  of  dielectric 
constant.  According  to  Fig.6  and  Fig.7,  both  side  compositions 
of  the  MPB  (PMW/PNN/PT=25/30/45)  had  considerably 


Figure  3.  Dielectric  constants  in  Pb(Mg,,W,J03 
Pb(Ni„3Nb^)03-  PbTi03  system  at  room  temperature. 


Figure  4.  X-ray  diffraction  pattern  for  the  composition  of 
PMW/PNN/PT=60/30/10  including  extra  peaks  from  super 
lattice. 


PNN  I  ( i  :  .■',,'1(110)  (%) 


Figure  5.  Relative  intensity  of  superlattice  reflection  (  1/2  1/2 
1/2  )  to  the  fundamental  (110)  reflection  in  ternary  system 
Pb(Mg„W„)03-  Pb(Ni,  3Nb„)0,-  PbTiO, 
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different  shape  of  dielectric  const2mt  vs.  temperature  cunre.  In 
the  tetragonal  phase,  the  curve  was  sharp  and  the  maximum 
dielectric  constant  was  high.  In  the  pseud-cubic  phase,  the 
cun/e  was  broad  arxf  the  maximum  dielectric  constant  was 
below  10000.  In  accordance  with  the  increase  of  PMW  content, 
the  temperature  coefficient  of  dielectric  constant  decreased 
and  the  Curie  temperature  shifted  dowrvward.  It  is  utxlerslood 
that  PMW  acts  strong  depressor  and  shifter  in  this  ternary 
system. 

Curie  temperature  as  a  function  of  PMW  content 

Figure  8  shows  the  relationship  between  Curie 
temperature  and  superlattice  structure.  Within  30mol%  PMW , 
region  I  ,  the  downwards  Curie  temperature  shift  is 
proportional  to  the  PMW  content.  Over  30mol%  PMW,  region 
n  ,  the  downwards  shift  of  Curie  temperature  becomes  weak 
and  showing  saturation,  while  the  superlattice  peak  intensity 
becomes  stronger.  From  the  results,  most  Mg  and  W  ions  on 
the  B-site  of  perovskite  are  found  to  be  disordered  in  region  I , 
and  the  ferroelectricity  is  remarkably  depressed  by  Mg  and  W 
component.  On  the  other  hand,  in  region  D ,  some  of  the  PMW 
component  forms  ordered  clusters,  and  the  other  Mg  and  W 
ions  are  disordered.  The  interference  of  the  ferroelectricity 
therefore  has  been  saturated.  It  is  reported  that  Mg  ions  are 
inactive  with  regard  to  ferroelectricity*  Mg  ions  arranged 
randomly  in  B-site  sublattice  effectively  depress  the 
ferroelectricity,  compared  with  Mg  ions  in  the  ordered  clusters. 

Frequency  dependence  of  Curie  temperature 

As  described  above,  temperature  dependence  of 
dielectric  constant  is  broad  in  PMW  rich  compositions,  which  is 
characteristic  to  relaxor  ferroelectric.  Frequency  dependence 
of  temperature  variation  of  dielectric  constant,  which  is  the 
essential  phenomena  of  relaxor  frroelectrics,  was  also 
measured.  Figure  9  shows  the  result  for  0.3PMW-0.3PNN- 
0.4PT.  Figure  10  indicates  the  frequency  dispersion  of  Curie 
temperature  as  a  function  of  PMW  content.  A  parameter  A  Tj 
was  defined  here  as  the  difference  between  the  Curie 
temperature  measured  at  lOOHz  and  that  measured  at  lOkHz; 
which  represents  the  degree  of  relaxation  in  phase  transition. 
As  for  compositions  within  20mol%  PMW  content,  the 
frequency  dispersion  was  not  observed  (  A  T(.=0).  Over 
30mol%  PMW  content,  A  was  not  zero  and  the  dielectric 
behavior  around  transition  temperature  was  the  same  as  that 
of  typical  relaxor  ferroelectric.  The  value  of  A  T(.  increases 
with  the  increase  of  PMW  content  reaching  the  maximum  at  50 
or  60mol%  PMW  content,  and  A  T^  at  70mol%  PMW 
decreased.  The  decrease  in  A  T(.is  thought  to  be  related  to  an 
appearance  of  antiferroelectricity  from  the  ordering  of  Mg  and 
W  ions. 

D-E  hysteresis  loops  and  dielectric  phases 

D-E  hysteresis  loops  were  measured  in  order  to 
observe  the  dielectric  phase  directly.  As  shown  in  Figure  11, 
the  D-E  hysteresis  loops  for  PMW/PNN/PT=50/30/20  is 
characteristic  of  the  typical  relaxor  ferroelectric  with  small 
coercive  electric  field.  The  D-E  hysteresis  curve  for 
PMW/PNN/PT=  10/30/60  is  rectangular  with  large  coercive 
force.  For  the  composition  of  PMW/PNN/PT=70/30/0,  an 
antiferroelectric  phase  is  seen  at  -110  and  moreover,  a 
ferroelectric  phase  appears  at  lower  temperature  of  -150  ti. 
This  type  phase  transition  (ferro  -  antiferro  -  para)  has  been 
also  reported  for  PMW-PT  and  PMW-PMN  system.  2) 
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Figure  6.  Lattice  constant  for  the  dielectric  composition; 
XPMW-0.3PNN  (l-x)PT  (x=0  -0.7). 


Figure  7.  Temperature  dependence  of  dielectric  constant  for 
the  composition;  x  PMW  -  0.3PNN  -  (l-x)PT  (  x=0  -  0.7  ). 


Figure  8.  Curie  temperature  and  intensity  ratio  of  superlattice 
reflection  for  the  composition  xPMW-0-3PNN-{1-x)PT,  where  I, 
is  the  intensity  of  the  superlattice  (1/21/2  1/2)  reflection  and  I,, 
the  fundamental  ( 1 00)  reflection. 
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Figure  9.  Frequency  dispersion  of  dielectric  constant  vs 
temperature  curve  for  the  composition  of  PMW/PNN/PT= 
30/30/40  (x=0.3),  where  measurement  frequency  range  is 
100Hz  to  100kHz. 


CONCLUSION 
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FigurelO.  Frequency  dispersion  of  Curie  temperature  as  a 
function  of  PMW  content,  where  ATc=Tc(10kHz)-Tc{100Hz) 


Crystal  structures  and  dielectric  properties  over  the 
entire  compositions  in  the  PMW-PNN-PT  system  were 
investigated.  In  this  system,  a  morphotropic  phase  boundary 
(MPB)  existed  around  the  compositional  line  of  45  to  50mol% 
PT  content.  The  compositions  around  MPB  were  found  to 
exhibit  the  highest  dielectric  constants.  On  the  compositional 
line  of  30mol%  PNN  content,  dielectric  properties  and  crystal 
structures  were  investigated  in  detail.  Compositions  such  as 
PMW/PNN/PT=50/30/20  showed  relaxor  ferroelectric  behavior 
of  the  diffuse  phase  transition,  frequency  dispersion  of 
dielectric  constant  and  D-E  hysteresis  loops  with  small 
coercive  forces.  In  the  PMW-rich  compositional  region. 
Superlattice  reflection  from  B-site  cation  ordering  appeared 
and  downwards  Curie  temperature  shifts  saturated.  It  is 
considered  that  some  PMW  component  is  incorporated  into  the 
clusters  with  ordered  B-site  cations  ordered,  while  the  other 
Mg  and  W  ions  were  disordered. 
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Figure  1 1 .  Compositional  and  temperature  dependence  of  D-E 
hysteresis  loops,  where  the  vertical  axes  D  and  the  horizontal 
axes  E  are  in  arbitrary  units. 


69 


PREPARA  nON  OF  DENSE  ULTRA  FINE  GRAIN 
BARIUM  TITANAIE-BASED  CERAMICS 


U.  Kuiniir,  S.F.  Wang,  and  J.P.  E^uglwrty 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park.  PA  16802 


Abstract;  Recently,  we  have  sintered  hydrothemial  Ba'I'iO^  with  ^-5 
wi'Ji'  BiT03  to  very  high  densities  at  850‘C.  In  this  pa^rer.  irew 
results  on  the  efieci  of  lower  concentrations  of  BiiOr  oti  the 
densification  and  the  dielectric  properties  of  the  BaTiO^  cerrunic  are 
discussed.  As  an  expansion  of  this  work,  hydrothermal 
Sr()  sBa,,  gTiOr  was  sintered  with  0-5  wt%  BisOr  between  850- 
1  250"C.  When  5  wt%  BisO^  was  added,  the  powder  compacts 
sintered  to  a  hulk  density  of  >5  2  gins/cc,  at  ‘f50°C.  The  room 
lemjjerature  dielectric  constiuit  of  this  ceramic  was  I5(K),  and  K  vs. 
T  plot  followed  the  Z5U  indu.strial  sjrecification 

Introduction 

In  a  recent  paper|  1 1,  hy  comparing  the  effect  of  BiiG^  on  the 
sintering  behavior  of  high  purity  BaTiGi  powders  piepiued  by 
dilferent  procedures,  good  sinterahilily  of  hydrothennal  BaTiOr  at 
temireratures  as  low  as  850“C  was  demonstrated  By  performing 
XRD  and  DTA  measurements  on  these  mixtures,  the  following 
reaction  sequence  was  identified: 

1  BaTiCh-t-  lOBisC), 

— »  5  IIBiiOylo s(BaO)()  2I  +  BijiTiOro  (Eq.  1 ) 

As  the  reaction  prrxiucts  melt  at  7 1 7’C  and  847°C  respectively,  good 
densification  occurs  at  low  temperatures  through  liquid  phase 
sintering. 

in  a  different  pa()er|2|,  the  effect  of  BiiOr  addition  on  the 
microstructural  development  and  the  dielectric  properties  of  the 
sintered  ceramic  was  discussed.  For  this  work,  irydrothennal 
Ba  TiO^  powder  compacts  with  .1,  5,  and  7  wt%  BisOt  were  sintererl 
between  7,5()"-950”C/2h. 

In  this  paper,  the  results  of  the  latest  studies  on  the  effect  of 
BiiOr  addition  on  the  densification,  microstructure  development, 
and  the  dielectric  properties  of  the  hydrothennal  BaTiGi  ceramic  are 
explained.  The  re.sult  and  discussion  section  of  this  paper  is  divided 
into  four  parts.  In  the  first  pan,  some  of  the  physical  and  electrical 
characteristics  of  the  ceramic  are  reviewed.  In  the  second  pan,  the 
effect  of  smaller  quantities  of  BiiOi  on  the  densification  and 
dielectric  proprieties  of  the  BT  ceramics  are  discussed.  In  the  third 
pan,  the  effect  of  Bi-addition  during  the  hydrothennal  process  on 
the  microstructural  development  is  discussed  In  the  final  pan,  the 
effect  of  BiiOj  on  the  properties  of  Ba^  gSrp  7!  iG^  is  ruialyzed. 

Experimental 

The  surface  area  of  the  as  received  hydrothennal  powders 
(Cabot  Corporation,  Boyer  Town,  PA)  were  measured  by  BET 
technique.  To  prepare  the  pellets,  the  hydrothennal  powders  were 
mixed  with  ()-5wt%  of  Bisljy  (Johnson  Matthey.  Seabrook,  NH)  in 
an  agate  morter  and  pestle.  Several  1/2"  disks  were  prepared  in  a 
steel  die,  by  applying  uniaxial  pre.ssure  (3(K)(M)-35(K)0  psi)  at  room 
temperature.  Pellets  with  about  53%  green  densities  were  prepared 
by  using  1.5- 1.7  wt%  PVA  and  1.5-2  ()wt%  glycerol  as  binder  and 
plasticizer  After  binder  evaporation,  the  green  pellets  were  sintered 
between  750- 1 250"C/0.5-2h  in  a  closed  crucible.  The  hulk  density 
ot  the  well  sintered  disks  were  measured  by  noting  the  weight  loss 
in  Xylene.  Fractured  microstructure  of  the  ceramic  was  analyzed 
wii'i  an  SEM  (ISI-SKI  130,  Akashi  Beam  Technology  Corp.. 
Tokyo,  Japan).  The  dielectric  properties  of  the  ceramic  disk 
samples  were  measured  using  a  computer  controlled  LCR  bridge 
(4274A,  Hewlett  Packard,  CO)  system. 


Results  and  Discussion 

Physical  characteristics  of  the  as  received  powders  used  for 
this  study  are  listed  in  1  able  1 


Table  I  The  properties  of  BaTiOr  Powders 


ID 

Composition 

Additions 

S  A 

(m-/gin) 

L  0  1 
(wt%) 

BTl 

BaTiOt 

8  54 

1.8 

B12 

BaTiOr 

2(K)ppm 
of  Nb 

7.96 

14 

BT3 

Ba  ri<  )r 

0  28wt'{ 

BiyOr 

7.59 

BI4 

BaTiOr 

3wt% 

BiyOr 

8  17 

BST2() 

Ba  gSr  s'l  iO: 

14.5 

0  9 

Pan  I: 

Tire  hydrothermiil  BaTiOr  sinters  to  high  densities  at  low 
temperatures  In  Fig.  I  .  the  shrinkage  profiles  of  hydrothennal  tuid 
noii-hydrothemral  high  purity  Bal  iOr  perwder  compacts  w  ith  5  wr% 
BisOy  are  compared  lit  this  figure,  good  densification  of 
hydrothennal  powder  compacts  is  dearly  seen  to  rK'cur  at  about 
750’C.  Typical  microstniclures  of  the  sintered  compact  are  shown 
in  Fig.  2.  When  the  samples  were  sintered  between  750-l2,5()'C 
with  3.  5,  and  7  wt%  Bii0  7.  irrespective  of  the  sintering 
temperature  and  the  flux  conceniralioit,  the  average  grain  size  of  the 
ceramic  remained  as  0.1 5-0  2  pm.  which  was  also  the  initial  particle 
size  of  BaTiOy  powder.  Typical  dielectric  properties  of  the  sintered 
cerrunics  are  given  in  Fig  3  A  broad  transition  at  around  I  lO'C. 
and  the  suppression  of  other  lower  temperature  transitions  are 
typical  of  this  fine  grain  ceramic  Though  the  dielectric  iieak 
corresponding  to  cubic  to  tetragonal  transition  is  clearly  detected, 
room  temperature  XRD  patterns  of  tliese  ceramic  did  not  show  clear 
splitting  in  <200>  peaks 


Temperature  “C 

Fig.  I  Shrinkage  profiles  of  (a)  high  puritv  BaTiGt  (  Franselco) 
+  5wt%Bi2Gr  and  (b)  B  r2  +  5wt%  BiyOy 
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Fig  2  Typical  microstnicluTe  of  BT  sintereil  with  BiiOx-  I'his 
micu'simcture  represent  the  fracture  surface  of  BT2  with 
7wt‘f  BisOi  sintered  at  85()  ’C/2h 
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Fig.  'Hie  dielectric  properties  of  BT2  ceramic  with  .‘iwt'f 

Bi2()r  sintered  at  various  temperatures;  (a)  K  vs  T  and 
(h)  tan  5  vs  T;  the  projrerties  were  measured  at  Ikll? 
Sintering  temperatures  of  ceramics  are  (I)  7S(rC.  12) 
800' (",  (f)  850"('.  14)  ‘«)(VC,  and  t.*^)  O.MrC  The 
magnitudes  are  not  corrected  for  porosity 


In  this  section,  the  efiec:  ol  smaller  conccnlralions  ot  Bi'-Or 
on  the  properties  ol  BaTiOr  ceiainic  is  discussed  1  o  achieve  good 
densities  in  these  ceramics,  it  was  necessary  to  sinter  the  compacts  at 
higher  temperatures  Fven  after  sintering  at  l2S0f.  the 
microstructure  of  the  ceramic  looked  very  similar  to  that  shown  in 
Fig  2  In  T'ahle  2.  some  of  the  physical  and  electrical  characteiislics 
ot  the  sintered  ccriunic  are  listed  1  he  dielectric  properties  of  the 
cefamic  showed  qualitatively  similar  behavior  as  seen  in  Fig  7 
Since  the  liquid  phase  volume  is  low,  higher  l\  and  ate 
observed  In  these  ceramic  also,  the  dielectnc  |x;aks  corresjionduig 
to  lower  temperatures  transitions  are  also  suppressed 


T  able  2  Physical  and  dielectric  properties  of  B  IT  and  B  r2  ceramic 
with  1  wt'T  BisOr 
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Pan  .7: 


In  two  batches  of  BaTiOr.  Bi-ions  were  introduced  during 
the  hydrothennal  processing  To  intrixiuce  Bi-ions  in  the  structure, 
an  appropriate  atnount  of  Bismuth  in  the  nitrate  fonn  was  added 
during  the  fonnation  of  T  itanium  hydioxidel7)  To  this  mixture. 
Ba-  solution  was  added  for  the  Ba'ViO)  fonnation  Due  to  the 
complexity  of  the  reaction,  the  nature  of  Bi'^addition  is  unknow  n 
In  the  XRD  patterns  of  the  reacted  powder,  few  additional 
diffraction  peaks  other  th;ui  the  major  Ba  l  iO;  peaks  were  detected 
These  peaks  with  feable  intensities  could  not  be  matched  to  ;uiy  of 
the  Bismuth  Titanate  or  Barium  Bismuth  Titanium  Oxide 
compounds,  unambiguously  T  he  concentration  of  Bi-ion  listed  in 
Table  I.  was  calculated  through  atomic  absorption  specttoscopy 
The  powder  compacts  were  sintered  between  tilK)’- 1 2.‘'0'(7(>  7-711. 
The  density  and  the  weigh;  loss  data  of  the  sintered  compacts  are 
listed  in  Table  7  It  is  necessary  to  increase  the  sintering  temiieratuie 
above  KMMl'C  to  achieve  sufficiently  good  densities  W'^“n  the 
siunples  were  sintered  over  a  platinum  sheet,  comparatively  b'-tter 
densities  were  observed  at  lower  temperatures.  But  the  bottom 
surface  of  the  ceramic,  especially  in  BT4,  was  bright  vellow  in 
color,  indicating  the  segregation  of  liquid  phase.  TTiis  observation 
indicates  that  tlie  viscosity  of  the  liquid  is  low 

The  microstructure  and  the  dielectric  properties  of  7  wiT  Bi- 
added  samples  are  very  similar  to  that  shown  in  Fig  2  and  Fig  7. 
But  the  properties  of  0  7  wt‘%  Bi-  containing  samples  showed 
marked  differences.  TTie  microstructural  evaluation  as  a  function  of 
sintering  temperature  is  compared  in  Fig  4a.  b,  c  and  d  When  the 
samples  were  sintered  beyond  10.70’C.  the  average  grain  size  of  the 
ceramic  increased  to  >IO|im  In  K  vs  T  plots,  dielectric  peaks 
corresponding  to  three  transitions  could  be  detected  very  clearly  In 
Table  7.  some  of  the  dielectric  prop,  lies  are  listed  The  dielectric 
properties  of  these  samples  varied  as  i  function  of  measuring 
frequencies  at  all  temperatures  Careful  analysis  of  the 
microstructure,  density.  ;uid  the  dielectric  properties  of  the  cenunic 
as  a  function  of  sintering  temperature  and  time  indicate  the  grain 
growlh  mechani.sm  is  dominantly  diffusion  controlled  in  nature. 
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Table  3;  Physical  properties  of  BT3  artd  BT4  cerantic 
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In  the  Bui,  j(Sr(|  iTiO?  (BST)  powder  used  for  iliis 
iiivestigalinn.  small  amount  of  carbonates  were  detected  through 
XRD  patterns  In  a  septuate  paiHtr  presented  in  this  conference,  the 
effect  of  grain  si7e  on  the  dielectric  properties  of  pure  porous 
ceramic  is  discussed.  In  that  study,  the  smallest  average  grain  size 
achieved  through  conventional  sintering  w  as  0  2  pm.  iutd  in  this 
ceramic,  dielectric  peaks  corresponding  to  three  transitions  are 
cletirly  identified. 

The  densification  behavior  of  BST  as  a  function  of  flux 
concentration  and  the  sintering  temperatures  are  represented  in  fig 
5.  Primarily  because  of  the  presence  of  strontium,  it  is  necessary  to 
sinter  the  certunic  with  higher  flux  concentrations  and  at  higher 
temperatures.  K  vs,  T  plots  of  the  flu.x  added  ceramic  are  given  in 
Fig  b  and  7  Suppression  of  dielectric  (leaks  at  the  transition 
temperatures  are  clearly  seen  ,XRD  patterns  of  tliese  ceramic  failed 
to  show  splitting  in  <200>  |ie;iks  due  to  tetragonalily. 


Fig  4 


Fractrrred  inicroslriiclutes  ol  B  11  ceramics  sintered  at  (a) 
1000  C7lh.  (hi  1050  (7lh.  (c)  llOO  C/lh  and  (d) 
1 150  (72h 
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Fig.  5 


Filed  of  lln.x  concenliation  in  the  ilensification  behavior 
of  Sri)  sBan  «  !  iOr  These  ceriunics  were  sintered  tor 
2hr 


DIELECTRIC  CONSTANT 


TEMPERATURE  (C) 


F'ig  6  K  vs  I  plots  ot  SB  120  with  which  wcic 

measured  at  I  kHz.  T  hese  ceramics  were  siittered  at  1 
1 2.‘i()  C,  2.  1 2(MrC,  V  I  I  50  C,  turd  4  1  KM)  ('  for  2hr 


C  one  lusioiLs 

1  When  smallcj  annnint  lO  Hiii*;  wae  added  in 
tivdiotheimal  Ba  I  it ) ),  to  ac  hiee  e  hieli  densilc  .  it  w  as  nee  essai  \  In 
sinter  ttie  compact  at  higher  tein(>ei  iliiies 

2  Aildilioii  III  Blit  >1  dining  the  fmlioihemuii  ptep.ii  iiinn  nt 
BaliO).  produced  ;ui  unident it iahle  Hi  I'jsed  second  phase  In 
actiieve  liigh  densities,  even  w  ilh  'wi'i  Bi  4)  i  ii  cc  as  nec  ess.n  \  m 
sinter  the  compacts  her ond  IIMM)  (  T  his  ohserc anon  indic ales  ilie 
iiii|>oit;uice  ot  piocessnig  pioceduie 

V  W  hen  tlie  Bi  >()  i  cone  eiili  at  ion  cc  as  lediiced  lot)  2K  cc  i'  < 
good  deiisiftcalion,  accompanied  willi  giain  ginwtii  occuis  beemut 
IIMtO  <■  Caretul  consideialion  ot  weiglil  loss  obserced  dining 
sinleiing.  grain  giowth  and  the  dielecliic  pioireiiies  suggest  that  die 
densiticatioir  is  accoinplistied  doniinanllv  l’\  giain  trouiidaic  and 
bulk  ddfusion  mechanisms 

4  W'hen  .‘s  wt'T  BisOj  ccas  added  to  Sio  sB  an  sT  K  •  t 
powdeis,  the  compacts  siniei  to  bulk  densities  >5  2  gins  cc  ai 
d50't'  Peicenlage  chiuiges  in  TC'C  calculated  fiom  ('  cs  T  plots  ot 
this  ceramic  show  Z51I  industrial  speciticaiions.  wnli  a  loom 
temperature  tlielecliic  constant  of  I5(MI  By  changing  itie  panicle 
si/e  ;uid  the  concentration  of  the  BisOi.  it  apjreais  that  it  is  possible 
to  reduce  the  sintering  lem()erjluie  to  X5l)  winch  is  the  tc(>ica) 
thick  film  processing  lemix-ralurc 
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Fig.  7  K  vs  T  plots  of  SBT'2()  with  5wl'T  Bi;|()r,  which  were 
measured  at  IkFIz.  The  ceramics  were  sintered  at  I 
«5()''C.  2.  950fiC  and  .C  i()5()'’C. 
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Dielectric  formulatione  baaed  on  lead  magneaium 
niobate  and  lead  iron  niobate  which  achieve  a  Z5U 
temperature  characterlatic  with  a  dielectric  constant  of 
12000  have  been  developed  for  the  manufacture  of 
multilayer  ceramic  capacitors.  A  low  melting 

temperature  glass  frit  was  adc'ed  to  the  formulation  to 
achieve  a  firing  temperature  of  between  975  and  1050 
allowing  the  ure  of  silver  olectrodes  with  from  18% 
to  25%  palladium  added.  The  addition  of  lead  iron 
tungstate  and  cadmium  titanate  further  reduceo  the 
firing  temperature  to  between  850  and  900  which 

allowed  the  use  of  pure  silver  electrodes.  An 
insulation  resistance  of  10,000  ohm-Farads  and  a 
dissipation  factor  (DF)  of  1%  were  achieved  with 
excellent  long  term  Life  reliability  and  an  aging  rate 
of  less  than  2%.  High  quality  capacitors  can  be 
manufactured  using  standard  manufacturing  techniques  and 
very  careful  safety  and  environmental  procedures. 


Introduct ion 


Multilayer  ceramic  capacitor  technology  is 
continually  being  improved  to  reduce  chip  size  by 
increasing  dielectric  constant  and  to  reduce  cost  by 
reducing  firing  temperature,  which  allows  the  use  of 
less  expensive  electrode  materials.  A  series  of 
dielectric  formulations  have  been  developed  based  on 
lead  perovakites  which  have  higher  dielectric  constant 
and  lower  firing  temperature  than  has  been  achieved  with 
traditional  barium  titanate  formulations. 


Figure  2.  Multilayer  Ceramic  Capacitor  Materials 
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Figure  1  shows  typical  construction  of  an  axially 
leaded  multilayer  ceramic  capacitor.  Construction  is 
similar  whether  barium  titanate  or  lead  perovskite 
materials  are  used.  Figure  2  is  a  summary  of  typical 
capacitor  materials  for  NPO,  X7R,  and  Z5U  temperature 
characteristic  dielectrics.  The  new  lead  perovskite 
materials  have  been  developed  for  Z5U  characteristic 
capacitors.  A  very  high  dielectric  constant  (K)  can  be 
achieved  with  lead  perovskite  materials.  These 
materials  permit  the  use  of  very  high  silver  content 
electrodes,  leading  to  low  cost  and  increased  volumetric 
efficiency,  as  shown  graphically  in  figure  3. 

For  reference,  figure  4  shows  the  relative 
temperature  stability  of  the  three  major  dielectric 
types.  Z5U  is  the  least  stable,  but  has  the  highest 
volumetric  efficiency  because  it  has  the  highest  K.  It 
is  important  to  note  that  even  though  Z5U  characteristic 
capacitors  are  often  referred  to  as  general  purpose,  the 
reliability  of  the  Z5U  dielectric  may  be,  as  is  the  case 
for  this  new  lead  perovskite  family,  as  good  as  for  NPO 
or  X7R  characteristic  capacitors.  Therefore,  if  a 
particular  circuit  does  not  require  highly  temperature 
stable  capacitance,  then  Z5U  may  be  specified  to  take 
advantage  of  the  increased  volumetric  efficiency  with  no 
loss  of  reliability. 

Perovskites  in  general  have  an  ABO^  structure. 
Dielectric  properties  are  controlled  by  substituting 
secondary  materials  (uo  shift  and/or  depress  the  shape 
of  the  temperature  characteristic  curve).  In  barium 
titanate  materials  such  as  calcium  and  strontium  can 
substitute  for  barium  on  the  A  sites  and  zirconium  or 
tin  on  the  B  sites.  In  the  lead  perovskite  system 
substitution  occurs  primarily  on  the  B  site?  niobium, 
magnesium,  iron,  tungsten,  and  manganese  are  all 
employed  to  achieve  optimum  dielectric  characteristics. 
Figure  5  summarizes  the  structure  modifications  which 
are  employed. 


(•|ni)k0  0  7X0^  (M65  W$.V(K)  olEHF 
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Figure  5. 


PMN  (lead  magnesium  niobate)  is  a  high  dielectric 
constant  material,  but  it  requires  a  sintering 
temperature  of  about  1200  ®C.  Development  focused  on 
reducing  the  firing  temperature  and  improving  K  and 
insulation  ..-esistance.  The  addition  of  PFN  i  lead  iron 
niobate)  reduced  the  sintering  temperature  somewhat. 
Further  reduction  was  obtained  by  adding  a  lead 
germanate  glass  frit  sintering  aid.  The  ratio  of  PMN  to 
PFN  was  adjusted  to  obtain  the  highest  dielectric 
constant.  Finally  a  small  amount  of  manganese  dioxide 
was  added  to  improve  the  insulation  resistance.  This 
yielded  a  K  12000  dielectric  which  sinters  at  1045  ®C. 
At  this  firing  temperature  inexpensive  electrodes 
containing  18%  palladium  and  82%  silver  can  be  used. 
Figure  6  summarizes  the  formulation  [!]•  This 
formulation  has  been  successfully  manufactured  for 
several  years. 
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Properties  of  MLC’s  manufactured  with  tnis 
formulation  are  shown  in  figure  7.  Compared  to  most 
other  25U  dielectrics  the  DF  and  the  aging  rate  are 
quite  low.  Modulus  of  rupture  (MOR),  a  measure  of  the 
breaking  strength  of  the  capacitor,  is  unfortunately 
lower  than  for  most  barium  titanate  based  dielectrics. 
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Further  improvements  were  made  to  the  system  to 
reduce  the  firing  temperature  to  900  °C,  which  allows 
the  use  of  silver  electrodes,  at  the  expense  of 
dielectric  constant.  Lead  iron  tungstate  was  added  to 
reduce  the  firing  temperature  further.  A  lead-zinc- 
copper-borate  frit  was  developed  to  replace  the  lead 
germanate  frit.  This,  in  addition  to  using  cadmium 
titanate  as  a  sintering  aid,  enabled  capacitors  to  be 
fired  dense  at  900  ®C  (2J.  Capacitor  properties  are 
similar,  with  the  exception  of  the  reduced  dielectric 
constant,  which  means  that  chips  are  somewhat  larger 
because  more  electrode  layers  are  required  for  a  given 
capacitance. 


Dielectric  Processing 


Pt>0  G*0,  •  S.0,  fnt 


Processing  of  these  lead  perovskite  materials  is 
similar  to  that  of  other  ceramic  materials.  Figure  8 
summarizes  the  process  steps.  Initial  starting 
materials  are  lead  oxide,  niobium  pentoxide,  magnesium 
oxide,  iron  oxide,  tungsten  oxide,  and  manganese 
dioxide.  The  appropriate  formulation  is  weighed  out, 
wet  milled  to  homogenize,  and  dried.  The  dried  powder 
is  then  calcined  to  pre-react  the  materials.  The  frits 
are  then  added  and  the  batch  is  wet  milled  to  achieve 
the  target  final  slurry  particle  size.  Film  forming 
binders  are  added  after  milling  and  this  slip  is  then 
cast  into  ceramic  green  tape.  Electrodes  are  screen 
printed  onto  the  tape,  multiple  layers  are  laminated, 
and  chips  are  cut  apart.  The  green  chips  then  go 
through  binder  bakeout  and  firing,  termination  and  epoxy 
coating,  and  testing  and  packaging.  Effective 
engineering  controls  must  be  implemented  in  the 
manufacturing  process  and  great  care  must  be  taken  to 
insure  worker  safety  when  using  lead  based  materials. 
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Conclusions 

Dielectric  formulations  based  on  lead  perovskites 
have  been  developed  which  have  higher  K  and  lower  firing 
temperature  than  traditional  barium  titanate 
dielectrics.  A  100  nf  0805  leaded  chip  has  been 
manufactured  which  has  excellent  DF,  IR,  and  a  low  aging 
rate.  A  relatively  low  MOR  makes  utilization  of  these 
parts  difficult  for  surface  mount  applications. 
Techniques  for  increasing  the  MOR  were  the  subject  of 
some  additional  work.  Innovative  sintering  aids  are  a 
key  to  achieving  the  properties  which  were  reported. 
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Figure  7. 

0805  •  100  NF  Properties 

K  12000 
DF  1% 

♦  tOTCC  1$%  85TCC  -50% 

IR  10000  Ohm-Farads  IR«85^C 
3000  ohm-tarads 

Aging  Rate  1  6%  per  decade 

MOR  140MPa 

Voltage  Rating  50  volts 

Dielectnc  Thickness  25  microns 
Grain  Size  2-3  microns 

Breakdown  Voltage  600  volts 

Lf(o  Tost  0  /allures  in  4000  hours 
at  85  'C.  100  volts  applied 

Finng  Temperature  1045  =C 

Electrode  Composition  18/82  Pd/Ag 


Figure  8. 

Processing  of  PB  -  NB 
Dielectric 

•  Mix  powders 

•  Mill  to  reduce  particle  size 

•  Calcine  to  pre-react 

•  Add  fnt  and  mill  to  disperse 

•  Add  binders  and  disperse 

•  Cast  slip  to  form  green  sheet 

•  Manufacture  green  chips  with 

electrodes 

•  Bakeout  binders  and  fire  chips 

•  Terminate,  lead  attach,  and 

epoxy  coat  chips 

•  Test  and  package 
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Fdi  hhereich  Ph>.sik,  Universital  ties  Saarlamles.  D  l»*»*>t*  Saarbriicken.  GernMn> 


Abstract:  Some  of  the  properties  ol  the  materials  with  <liHu.se 
phase  transitions  and  relaxor  behavior  are  ctjmmon  to  all 
This  article  attempts  to  f>resent  a  number  of  selected  mea 
surements  which  have  been  used  to  explore  the  diHerent  cha 
racteristics  of  the  perovskite  ABO^  relaxors  sut:h  as  PLZF. 
lead  scandium  tantalate  and  lead  magnesium  nujbate  respec¬ 
tively.  Finally,  in  view  of  the  experimental  results,  the  paper 
presents  two  different  models  One  on  the  basis  of  composi 
tlonal  heterogeneities,  and  the  other  on  the  basis  of  intrinsic 
instabilities  and  the  broken  translation  invarian<  e  of  the  lat 
tice.  A  comparison  of  the  two  m*)dels  shows  that  it  is  ex 
tremely  difficult  to  distinguish  between  the  two  mo<lels. 


Introduction 

Diffuse  phase  transitions  are  a  more  general  phenomenon  In 
perovskites  ABO^  it  is  found  in  "pseudo'  -  quaternary  soliil 
solutions  with  statistical  occupation  of  the  A  and  the  B-posi 
tion  (e.g.:  (PbBa)(ZrTi)03) .  in  materials  with  a  statistical  occ¬ 
upation  of  the  B- position  with  ions  of  different  valency 
(e.g.:  Pb(ScTa)03  (PST)  and  Pb(Mg./3Nb.,^3)03  (PMN))  or  in 
the  case  of  doping  the  ternary  solid  solutions  at  the  A-posi- 
tion  (e  g.;  (Pb.  _j  5  3^  HZrj  Ti  103  (PLZT)) 

Some  properties  of  materials  with  diffuse  phase  transi¬ 
tions  are  common  to  all 

-  In  the  non  polar  state,  even  far  above  the  temperature  of 
the  maximal  value  of  the  dielectric  permittivity  there  exist 
anomalies  which  can  he  asi  ribed  to  a  local  ptilari/aticm 

-  Even  below  the  material  macroscopically  show  the  cubic 
symmetry. 

-  The  material  looks  like  a  polar  glass. 

-  The  low  frequency  dielectric  constant  shc^ws  no  Curie- 
Weiss-Ldw  (CWL).  it  is  not  divergent.  The  permittivity  is 
strongly  frequency  dependent  (relaxor  behavior). 

-  The  weak  field  dielectric  permittivity  reaches  a  high  peak 
value  typical  for  a  ferroelectric  perovskite  near  but  the 
dielectric  maximum  does  not  mark  a  phase  change  into  a 
ferroelectric  phase. 

There  exist  a  switc  hable  displacive  phase  transition 

A  first  explanation  has  fieen  offered  for  the  relaxor  fer¬ 
roelectric  behaviors  by  G.A.  Smolenskii  (1.  21.  He  suggested. 
th£.  in  for  example  the  Mg  and  Nb  ions  do 

not  order,  so  that  across  any  trace  in  the  material  there  are 
fluctuations  in  Mg  :  Nb  concentrations  and  that  these  statis¬ 
tical  compositional  fluctuations  lead  to  large  fluctuations  in 
the  Curie-temperature.  So,  over  a  wide  temperature  range, 
there  is  a  mixture  of  non  polar  and  polar  regions,  which  are 
growing  with  decreasing  temperature  If  the  scale  of  hetero¬ 
geneity  is  of  the  order  10  -  20  nm  as  proposed,  then  for 
measurements  with  a  probing  radiation  such  as  x-ray  or 
optical  frequency  the  random  array  will  reflect  the  cubic 
symmetry. 

Another  aspect  was  discus.sed  by  L  E  Cross  131,  If  one 
considers  the  stability  of  very  small  polar  micro  regions, 
the  energy  hilt  separating  alternative  domain  states, 

which  is  many  times  kT  for  domains  of  macrosc.opi*'  volume, 
becomes  comparable  to  kT  (  k  =  Boltzmann’s  cronstant. 
T  =  temperature).  That  means,  the  polar  regions  are  unstable 
against  thermal  agitation  now. 

But  some  additional  facets  of  behavior  must  also  be  <  <m- 
sidered.  For  some  aspects  of  diffuse  phase  transiticjns  (DPT). 
PLZT  Is  a  suitable  material  because  of  the  large  solubility 
of  La  in  the  solid  solution  PZT.  Whereas  in  the  case  of  PST. 
the  ordering  or  disorclering  of  the  B  site  (ations  allow  to 
produce  a  ferroelectric'  or  a  relaxor  type  material,  which 

-  in  principle  -  may  allow  a  test  of  the  different  models 


Local  Polarization 

The  principal  idea  of  Smolenskii’s  model  was,  that  in  .solid 
solutions,  there  exist  compositional  fluctuations.  The  result 
are  micro  domains.  "Kanzig  regions",  with  different  Curie 
temperatures  T  .  A  Gaussian  distribution  in  T^  gives  the 
deviation  from  the  Curie- Weiss- Law  (CWL)  as  it  is  observed 


a*  relaxor  materials.  The  micro  domains  in  the  model  are 
assumeci  to  be  produced  by  static  t:omposi( lonal  fluctuations, 
so  the  tjriginal  mociel  is  not  able  to  explain  ail  ex[>erimental 
details. 

Another  aspect  may  also  be  ol  ’mportan  in  all  multi  ctjm 
ponent  materials  one  will  find  ( omposit onc.l  fluctuations, 
but  in  pure  Pb(ZrTi)03  (PZT) .  normal !>  no  DPT  is  present, 
and  one  finds  no  DPT  in  e  g.  PLZT  x/l  y/>:  10/3j/6j  But  in 
PLZT  I0/6S/35  a  DPT  and  relaxor  behavior  is  found,  although 
it  can  be  expected  that  the  compositional  fluctuations  in 
both  PLZT'c  ompcjsiticjns  are  similar  So  at  least  m  me 
upper  two  points  the  mcidel  has  to  be  completed 

The  reasons  which  are  responsible  tor  rhe  deviations 
from  the  CWL  firstly  explained  b>  Smolenski.  s  mode!  may 
also  influence  other  properties  in  a  similar  wav  At  a  normal 
phase  transition  from  the  pdraele<‘tru  to  the  ferroele»  trie 
state,  there  occur  anomalies  in  the  susceptibilities,  which 
generally  c  an  be  desc  ribed  by  a  lattic  e  susc  ept ibil ity  and 
the  order  parameter  p; 

X.,  =  ‘  I  g.iklPkPl 

The  (ouplint;  con.stant  g  de.scribes  the  breaking  ii(  svm 
metry  by  the  phase  transition  In  perovs*  •  s  with  a  diffuse 
phase  transition  (DPT)  there  is,  below  1^.  (  the  temperature 
of  the  maximal  value  of  the  permittivity  !  no  deviation  from 
the  cubic  symmetry  of  the  high  temperature  phase  in  such 
samples,  which  are  cooled  down  without  any  applied  elei  tric 
field  from  the  high  temperature  phase  to  the  thermally 
depoled  state.  But  even  far  above  T^.  not  only  for  the  low 
frequency  dielectric  susceptibility  typical  deviations  from 
the  classical  behavior  are  found  G  Burns  assumed  a  local 
polarization  with  disappearing  mean  value  for  the  thermally 
depoled  state  161  Then,  the  term  p,^p,  in  relation  (1)  can  t>e 
replaced  by  the  mean  square  deviation  Pp,,-  “f  this  local 
polarization.  The  g|j,j,  are  to  be  replaced  by  an  effective 
coupling  constant; 


This  formalism  consequently  can  be  applied  to  a  series  of 
different  measurements.  The  validity  of  the  relation  for  the 
dielectric  constant  at  optica'  frequencies,  related  to  the 
electronic  polarizability,  was  confirmed  by  Burn-  for  P'  ZT, 
PMN  and  PST  with  measurements  of  the  refract  ve  inO  x  (61 
g*  was  estimated  by  the  tensor  of  the  quadrati  electroopti. 
effect,  and  so  can  be  determined. 


Figure  1:  The  reciprocal  relative  dielectrh'  constant  of  a 
strongly  disordered  PST  sample  (order  parameter  S=()) 
as  a  function  of  temperature  and  a  CWL  fit  (straight 
line)  onto  the  t;urve  for  the  values  measured  at  higher 
temperatures. 
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In  dn.il>iK>  til  iiied!  ff rrof where  Md  eleitrostrn 
rion  the  properties  dre  inHueneed  b)  the  spontdneous  p«)tdri 
Adtion.  in  DPT  mdteridls  there  exist  simildr  reldti(,ns  tor 
thermdl  expdnsion  dntl  influenee  of  h>(ir(istdtie  pressure  on 
the  (liele<trif  (■()ristdnt  ts  it  wds  \.erifie(i  by  hmidt  [ .  I  dnd 
Setter  dn<l  Cross  respeetiveiy  1^1  Our  own  results  show  the 
influen<  e  of  the  lo<  dl  poldri/dtion  on  the  entropy  dnci  t 
static  dielectric  constant  IHl  So  Pr  was  determined  for 
PLZT  and  PPZT,  the  Praseodynv  modification  of  PLZf  181. 
which  show  a  strony^ly  sinular  behavior  as  PLZT  or  liisordered 
PST  Figure  1  now  sh‘'  -s  the  reciprocal  relative  dielectric 
( onstant  £  '  of  strongly  disordered  PST  Far  above  T  the 

!(Hd!  poldn/.dtion  becomes  small,  and  follows  a  CWL- 

This  is  demonstrated  tiy  the  straight  line  in  FiKure  I  In  this 
way,  the  temperature  T^^  can  be  determined  by  extrapolating 
the  h.gh  temperature  i  urve  of  to  lower  temperatures 

The  Curie  constant,  then  has  a  value  of  __C  =  3  8-Uf'  The 
deviation  from  the  straight  line  is  ~  ^foi  '  allows, 

use  of  additional  resui  .  e  g  the  entropy  as  a  function 
of  temperature,  the  calculation  of  P|“^^  181 
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Figure  2:  The  rei  iprocdl  relative  diele.  trie  <  onstant  of  a 
strongly  disordered  PST  sample  (order  parameter  S=(l) 
represented  as  a  function  of  (1  I(,1‘'  lai.  and  fitted  with 
an  critical  exponent  8,1  (b) 


Figure  3:  The  reciprocal  dielei'tric  constant  of  a  well 
ordered  PST  sample  {S=0  86)  represented  as  a  function 
of  T-Tj.  (a),  and  fitted  with  a  crit;;  il  exponent  -,=1  Of.",  (b) 


Figure  f:  Critical  expo 
nent  y  as  a  fumtion  of 
the  order  parameter 
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The  deviation  from  the  CWL,  caused  tiy  the  local  polari 
/ation  leads  to  a  minimum  for  ’  at  T^.  .As  it  is  demonstra 
ted  in  Figure  I,  £  is  continuous  and  stiows  no  divergence^ 
But  near  the  minfmum  of  ’  at  the  temperature  T,.. 
can  be  developed: 

I  I  :■ 

*  •■  (  r  T  )  +  (3) 

"  s  'max  ‘ 


Smtiit-nskii  (Irst^ridtHS  ds  phase  transit!, in 

ten.perature  11' I  With  the  fxieption  of  the  maximum  of 
the  fielet  trii-  ronstant  there  is  really  no  tiirerf  t 

whieh  marks  this  tei.iperdture  As  yet  mentioneti  dbove. 
Smolensk!!  dssumeti  d  Gaussian  fiist  rifiut  ion  for  this 
mean  phase  transition  temperature  produt  eti  f)>  kan/i^ 
regions  who  h  shouUl  be  responsible  tor  the  DPT.  but 
equation  (3)  ilesf  ribes  the  tfeha^iur  fft  better  than 

a  mtjre  preeice  Gaussian  (iist  ritiution  Figure  lia  show  s 
the  (iepefnieni  e  of  the  rei  iproi  al  st  at  if  fiieleetru: 
constant  *  as  a  function  of  IT  I  atcortiing  to 

e<|uation  (ft  The  nearly  quadratic  bt^a.ior  is  demo  i 
strated.  and  also  that  in  aerordanee  to  Figure  1.  the  <  t>ef 
fi<  ient  A  in  the  f'ee  elasln  enthalpy 

=  G  *  -  AP-  ,  -  BP^  V  '  CP'-  (A) 

il  2  4 

remains  dl  way  s  positive  Measurements  of  the  toeffh  lenis  A. 
B  and  C  were  performeii  on  PI  /  I  below  ! ‘li  1  The  results 
were  ret  eived  from  the  high  fiehl  etuis  t>t  the  branc  hes  of  the 
P(t)  ourves.  whuh  were  measured  at  dilferent  temperatures 
The  result  is.  that  also  here,  A  is  always  pv>sitive.  B  always 
n  gative  and  C  always  pi^sitive.  and  all  the  i  i^e.Gtients  are 
strtmgly  temperature  fiepentient  A  more  detailed  analysis  of 
the  potential  funi  tion  shows,  that  there  exist  different  stable 
and  metastable  regions  In  the  thermally  depoled.  ma<  ros«  v  p 
ioally  non  ferroeiei'tru  state,  thi^  svstern  is,  even  <  ooled  down 
below  Tj  T^^ .  in  a  niel  asf  .ible  «  entral  minimum  If  the  stabi 
lity  <  riteri  m  ^  P~  *>  is  fulfilled  and  it  the  system  is  in 
♦•his  relat'.e  minimum,  and  if  then  an  elec  trual  fielil  (whioh 
is  large  emmgh)  is  switi  bed  on.  the  system  l^  .■switi  heci  from 
the  metastaT)!*-  into  a  stable  minimum  Then  the  pidari/ation 
IS  irreversibly  indu<  ed.  a  phase  transition  happens,  if  the  <  on 
dirion  4B/S  4A('  is  rejf  hed  f>v  de<  reasing  the  temperature 
In  this  way  influeme  prefefaf>lv  via  A  in  equation 

(41  the  fre**  “las^lK  enthalpy  G 
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Figure  The  influent  e  of  ,ie  ort|er  parameter  on  the 
broaiiening  of  the  £(T)  t  urve  (a),  the  temperature  Tj  (b). 
the  temperature  T^.  (o)  and  the  ififfereiue  (di 

For  the  loral  polari/.it  ion  with  its  disapfie.iring  mean 
value  ()Ut  not  disappearing  mean  .sf^uare  deviation  P*^ 
micro  regions  may  be  responsi(>|e  Cross  has  .sht»wn  tYiat 
there  is  some:  evitfence  ftir  dvnanntal  tlisortler  I.U  f  SR  in 
vestigdtions  of  Burgrraaf  denifinstrate.  that  with  de<  reasing 
*emperatii.t  the  local  anisotropy  gradually  ln<  reases  1101 
This  inf  rea.'ving  of  Pj“^  with  tlet  reasing  temperature  in 
dicates  the  dynamit  al  ^orm  of  the  rni< to  n^gion  at  high 
U'mperatures  Measurements  of  the  sound  velocity  in  PLZl 
shov  a  small  anomaly  near  T,  (III  The  'oupling  .uoiistn 
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anil  opticjl  ()r(i()f‘rti»',s  indicatf'  a  tenilf>n<;.v  of  softf'ning 
near  T^.  With  ile<rea.sin>!  temperature  below  T^,  the  tem¬ 
perature  where  the  macrosi  opir  polarization  Pj.  of  the  poled 
sample  vanishes,  the  fluctuations  become  slow.  In  the  low 
temperature  region.  the>  are  frozen  and  the  relaxor  materials 
show  jjiasslike  propertie.s  such  as  a  plateau  in  the  thermal 
I'onductivity  111!!. 


Figure  6:  The  complex  dielectric  constant  E  of  strongly 
disordered  PST  with  the  frequency  as  a  parameter, 
measured  in  the  range  from  100  Hz  up  to  13  MHz  for  6 
selected  temperatures.  The  radii  of  the  Debye-circles 
become  larger  with  decreasing  temperature  (Tj  =  13.3  ®C, 
21.4  "C,  27,4  "C.  35,0  ”C,  44.0  "C.  50.1  °C). 
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Figure  7.  Relaxation- 
parameter  h.  taken 
from  Cole-Cole-fits 
for  the  relaxation  pro¬ 
cess  shown  in  figure  6 
as  a  function  of  tem¬ 
perature. 


the  intensity  of  the  superlattice  reflections  define  th  order 
parameter  S.  This  order  parameter  was  calculated  by  the 
Rietveld  powder  profile  and  refinement  program.  In  this  way, 
the  prt)pertie.s  of  PST  as  a  function  of  ordering  and  disor¬ 
dering  can  be  studied.  As  it  was  found  by  Burggraaf  and 
Setter,  strongly  disordered  PST  shows  a  DPT  and  relaxor 
behavior,  whereas  a  well  ordered  sample  looks  like  a  clas 
sical  ferroelectric.  Figure  2a  presents  the  reciprocal  dielectric 
constant  E  ,"'  as  a  function  of  (T-T„)*  for  a  strongly  disor¬ 
dered  PST-*sample  (S  ^  0)  and  f  igure  3a  shows  £  '  as  a  func¬ 

tion  of  T  Tj.  for  a  well  ordered  material  (S  =  (T.B6).  As  it  is 
described  in  figure  2b  and  figure  3b,  the  real  exponents  are 
I.8S  and  1.015  respectively.  For  partially  ordered  samples 
exponents  between  1  85  and  1.015  are  found.  Figur  ■  4  shows 
this  critical  exponent  y  as  a  function  of  the  o.'der  para¬ 
meter  S.  In  a  similar  manner,  the  low  frequency  dielectric 
properties  are  changing  not  abrupt  but  gradually  with  S 
This  is  shown  in  figure  5a-d.  Here  the  broadening  of  the 
£lT)-curve  (a).  T^,  (bl.  T^  (c)  and  Tj_-T^  (d)  are  to  be  seen  as 
a  function  of  S.  Figure  5d  demonstrates,  that  a  thermally 
depoled  sample  must  be  cooled  at  least  40  K  below  to 
induce  a  remanent  polarization  P^. 


Figure  9:  The  complex  dielectric  constant  £  of  PMN 
with  the  frequency  as  a  parameter,  measured  in  the 
ramge  from  100  Hz  up  to  13  MHz  for  some  selected  tem¬ 
peratures  in  the  temperature  range  from  18  ”C  up  to 
210  °C.  The  radii  of  the  Debye-circles  become  larger 
with  decreasing  temperature  ITj=27.5  °C.  47  °C,  68  ®C, 
89  °C.  120  "C,  150  '^C,  181  °C.  ill  °C), 
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Figure  8;  Reciprocal  low  frequency  dielectric  constant 
E  "'la)  and  relaxation  frequency  f  received  from  the 
refaxation  process  shown  in  figure  6  as  a  function  of 
IT-Tj,)“  The  proportionality  is  evident. 


In  PST,  a  thermal  treatment  allows  (jrdering  or  dis¬ 
ordering  the  B-site  cations  Sc  and  Ta.  The  degree  of  or¬ 
dering  can  be  i:ontrolled  by  X-ray  diffraction  151.  Well 
ordered  samples  show  the  appearence  of  superlattice  sattelite 
reflefrtions  14.51.  Thus,  in  relation  to  the  basis  reflections. 


Relaxor  behavior 


The  frequency  dependence  of  the  dielectric  susceptibility, 
the  relaxor  behavior,  of  materials  with  a  DPT  is  known 
since  a  longer  time  113,  14,  15,  161.  By  IR-spectroscopy.  for 
PLZT  9/65/35,  Lurio  found  only  3  LO-modes  and  2  TO-modes 
which  are  nearly  temperature  independent.  The  third  TO- 
mode  he  could  not  find.  He  was  able  to  fit  the  spectrum  with 
a  .set  of  6  damped  oscillators  1171.  Burns  [181  has  estimated 
the  frequency  of  the  "lossed"  soft  mode  u  to  0  -  50  cm"*. 

Experimentally  it  cannot  be  distinguished  between  an 
overdamped  oscillator  and  a  relaxator  system.  Concluding 
the  contribution  of  the  temperature  independent  IR-active 
modes,  the  overdamped  oscillator  can  be  described  by: 


E  (u)  -  E., 


Aq 

U*  +  iY„u 


(5) 


a  form  which  ^  equivalent  to  a  Debye  relaxation,  where 
"  '’o  relaxation  frequency).  This  behavior 
was  shown  in  a  previous  paper  for  PLZT  119],  Here,  there 
are  presented  some  results  for  PST  1201  and  PMN. 

In  figure  6,  the  relaxor  behavior  of  strongly  disordered 
PST  is  demonstrated.  In  this  figure,  the  complex  dielectric 
constant  with  the  frequency  as  a  parameter  in  the  range 
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from  100  H/.  up  to  13  MH?,  is  plotted  for  some  selected 
temperatures.  In  this  case,  at  larger  distances  from  T^. 
(T  =  -  13  “O  the  rela.xdtion  is  of  the  Debye-tvpe  Approaching 
to  1  ,  and  below  T  the  relaxation  becomes  more  and  more 
distr'ibuted.  The  relaxation  must  be  fitted  with  a  Cole- Cole 
formalism,  where  the  distribution-parameter  h  marks  the 
degree  of  distribution.  In  figure  7,  the  growing  up  of  the 
distribution,  indicated  by  the  distribution-parameter  h  can 
be  seen.  Ordered  or  partially  ordered  samples  show  also 
relaxations,  but  they  are  very  small  and  .strongly  distributed. 
The  dielectric  relaxation  shown  in  figure  (>  is  typical  for  dis¬ 
ordered  PST  samples  with  a  diffuse  pha.se  transition.  A 
MLS-fit,  applied  to  the  data  of  the  complex  dielectric  con¬ 
stant  £*  yields  £  ,  and  the  high  frequency  and  the  low 

frequency  dielectric:  constant  of  the  relaxation  proc:ess. 
Further,  the  relaxation  frequency  f  can  be  calculated.  Fi¬ 
gure  8a  shows  £  '.  and  figure  8b  the  rela.xation  frequenc.v 

tY  as  a  function'^clf  (T-T(-)~.  The  result  is.  f^  - 

Measurements  which  were  performed  on  PMN  show  si¬ 
milar  results.  Figure  '>  represents  the  complex  dielectric 
constant  £  *  with  the  frequency  as  a  parameter  for  different 
temperatures  in  the  temperature  range  from  18  °C  to  1110  “C. 
For  higher  temperatures,  the  relaxation  is  of  the  Debye-type, 
whereas  the  relaxation  shows  more  and  more  a  distribution 
when  the  temperature  decreases.  The  calculation  of  the 
characteristical  data  of  the  relaxation  process  yields  similar 
results  as  one  receives  for  PLZT  and  PST  respectively  119.  201. 

.At  this  point  it  should  be  mentioned,  that  the  mechanism 
which  changes  these  linear  properties  of  relaxor  materials  in 
comparison  with  normal  ferroelectrics  influences  the  non¬ 
linear  properties  too  1211.  But  these  effects  are  not  further 
discussed  in  this  work. 


Figure  10:  Macroscopic  polarization  P^.  as  a  function  of 
temperature  according  to  the  mean  field  approximation 
model  on  the  basis  of  micro  regions  with  a  Gaussian 
distribution  of  transition  temperatures  T.  (Inlet:  P(T)- 
lurve  without  distribution).  ‘ 


.Models 

In  Smolensk ii's  model  the  existence  of  micro  regions  wit 
Its  Gaussian  distribution  of  transition  temperatures  producr 
1/  compositional  fluctuations  in  multi-component  systen 
was  the  main  idea  There  is  no  direct  information  vvhethi 
these  regions  are  ilynamical  i  lu.ster  In  the  original  mode 
the  ,  luster  were  .static  regions.  But  via  the  Lvddane- Sach; 

mfluen.^ 

lietw?"  Ih'’  Smolenskiis  model  the  intera.tic 

between  the  mi<  m  regions  was  l  alculated  with  a  mean  fiel 
approximation  The  micro  regions  them.selves  mav  sho 
normal  ferroefectricitv .  that  means,  a  CWL-law  and  als 
s  ontaneous  polariz.U ion  p(T)  below  their  in.lividual  trar 

p(T)’are'’m)w'’thV"'^'*f  ^‘->v:al  The  micro  regions  with  the 
pi  n  are  now  the  mtera,  ting  parts  is  the  macroscopic  svsten 
An  important  additional  assumption  is,  that  the  size  of  tf 
mic  ro  regions  IS  dependent  on  a  external  elei  trie  field  If  th 
l.pole-dipole  interaction  of  the  micro  regions  is  proper  n 

small  to  yenpr^ff*  i  ^  .  •  intera(.tin^  ron.stant  is  to 

polar  glass  I  III.  ri  sc  iipic  polarization  and  one  gets 


The  second  model  proposed  is  made  on  the  basis  of  a 
homogeneous  system  which  can  be  described  by  a  hamiltonian 
as  it  is  used  for  normal  ferroelectrics  122.231.  This  hamilto¬ 
nian  contains  a  linear  term  which  has  the  dimension  of  a 
local  field  This  term  considers  the  local  defec:ts  which 
derange  the  invariance  of  the  translation  symmetry  and 
which  are  coupling  with  the  local  dipole  moments  in  the 
relaxor  material  PLZT.  PST  and  PMN  So  it  i:an  be  considered 
that  all  materials  with  DPT  has  i:ompo,sit ions  with  an  intrinsic 
instability,  e  g.  with  the  tendency  to  rotate  the  O-octahedra 
of  elementary  c:ells  containing  a  La  and  a  Zr  and  to  stretch 
the  O  cKtahedra  containing  a  Pb  and  a  Ti  respec:tively. 
In  PST.  the  different  statistic  al  arrangements  of  elementary 
cells  with  Sc:  or  Ta  on  the  B  positions  induce  these  effec:ts. 
So  manifold  different  cells  are  simultaneously  present  one 
in  the  neighbourhood  of  other  types.  This  should  not  be  con¬ 
founded  with  mac:ro.sc:opical  compositional  fluctuations.  If 
we  follow  H.  .Megaw  1241.  and  assume,  that  the  forc  es  which 
determine  the  strui:ture  are  short  range  forces,  these  different 
c:ells  are  relatively  weak  coupled.  This  intrinsic  instability 
makes  it  understandable,  that  some  authors  did  not  found 
the  expected  third  TO  mode  for  PLZT.  A  result  of  Lurio  was. 
that  his  measurements  can  be  fitted  by  6  damped  oscillators 
and  the  frec)uency  of  i.j  ,  the  third  TO-mode  is  relatively  low. 
We  suppc'se,  that  we  ha've  a  similar  behavior  for  PST  and  PMN. 

If  we  have  it  to  do  with  an  overdamped  oscillator  system 
accrording  to  (.3).  in  the  Debye-type  like  relaxation  -neglec¬ 
ting  £_  -  1,1  -  is  proportional  to  '  the  measured  relaxation 
frequency  f^  (figure  8).  That  means,  the  relaxation  can  be 
ascribed  to  the  "lossed"  scvft  mode  These  results  are  also 
supported  by  other  results,  such  as  the  temperature  depen¬ 
dence  of  the  distribution  of  relaxation  times  and  elastic 
measurements.  This  model  explains  micro.sc:opic;ally  the 
existenc:e  of  the  lc)c:al  polarisation  or  of  polarization  cluster 
in  relaxor  materials.  It  can  be  c:onc:luded.  that  relaxor 
materials  c:an  be  described  by  this  model  cjualitatively  and 
partially  quantitatively  although  some  important  simplific:a- 
vicins  are  made  e.g.  the  mocie  cioupling  is  not  considered, 
the  coupling  c-onstants  were  ,sc:alars  anci  the  solution  of  the 
SCP.A  used  must  be  improvi 
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ABSTRACT 

The  objective  of  this  article  is  to  present  a  synopsis  ol 
recent,  ongoing,  and  future  evolutionary  developments  pertaining 
to  the  fabrication/processing  of  ferroelectric  materials,  with  an 
emphasis  on  polycrystalline  ceramics.  The  basis  for  the  review 
was  derived  from  relevant  literature  over  the  last  dozen  years, 
including  the  responses  from  a  worldwide  questionnaire.  This 
survey  addressed  issues  such  as  chemical  synthesis  methods  vs. 
conventional  processes  and  anticipated  future  developments  in 
processing  and  their  impact  on  new  applications,  if  any.  The 
survey  p-articipants  were  scientists  and  engineers,  both  academic 
and  industrial,  involved  in  research  and  development  of 
ferroelectrics  and  related  materials.  The  primary  conclusion  of  this 
survey  revealed  that  evoIutionxT  advancements  in  the  pmcecsing 
of  ferroelectric  ceramics  will  continue  to  impact  commercial 
production  over  the  next  ten  years. 

I.  INTRODUCTION 

Ferroelectric  and  related  materials  continue  to  be  exploited 
for  numerous  applications,  including  recent  concepts  of  “smart”  or 
intelligent  systems,  whereby  multifunctional  components  are 
required. ('•‘‘I  In  recent  years,  substantial  research  and 

development  has  been  devoted  to  ferroelectric  materials  in  the  form 
of  single  crystals,  polymers,  composites,  and  especially,  thin 
films.  References  are  provided  for  these  important  topics,  but  the 
primary  focus  of  this  paper  pertains  to  polycrystalline  materials. 
The  most  widely  used  and  researched  ferroelectric  structural  types, 
compositions,  applications,  and  their  state  of  development  are 
presented  in  Table  1,  Although  the  materials  and  ceramic 
fabrication  methods  for  the  ferroelectric  materials  described  had 
their  origin  decade.s  ago,  this  paper  attempts  to  review 
evolutionary  advances  in  the  processing  and  fabrication  of 
ferroelectric  ceramics.  The  data  presented  is  based  on  the 
compilation  of  responses  to  a  questionnaire  from  more  than  100 
international  scientists  and  engineers,  of  both  academic  and 
industrial  backgrounds.  In  addition,  recent  processing 
;vclopments  and  novel  fabrication  schemes,  their  future  impact 
n  new  applications,  if  any,  are  discussed. 

I.  MATERIALS  AND  APPLICATIONS 

As  presented  in  Table  I,  the  most  widely  used  ferroelectrics 
are  found  in  the  perovskite  family  general  formula  ABO^,  which 
includes  hundreds  of  compositional  modifications  (e.g.,  solid 
solution  substitutions  and/or  dopants).  In  addition  to  ceramic 
materials,  ferroelectric  polymers,  including  PVF2  and  other  co¬ 
polymers,  are  well  established  in  the  market  place.  Perhaps  the 
most  significant  development  comes  not  from  monolithic  materials 
but  in  the  tailoring  of  physical  properties  using  the  nature  of 
composites.  Through  the  concept  of  phase  connectivityl^-^), 
properties  can  be  engineered  to  give  orders  of  magnitude 
performance  enhancement.  Specifically,  piezoelectric  composites 
are  finding  increasing  use  in  applications  such  as  ultrasonic 
transducers  for  bio-medical  imaging!*'^)  and  towed-array 
hydrophones.! '^1 

The  ability  to  fabricate  known  ferroelectric  materials  in  thin- 
film  form  offers  applications  such  as  non-volatile  memories  and 
DRAMs,  both  soon  to  be  commercial  realities.  Furthermore,  thin- 
film  offers  the  potential  of  engineered  crystallographic  technology, 
thus  allowing  the  exploitation  of  non-centrosymmetrie  materiaK 
such  as  ZnO  and  AIN,  which  in  polyciystalline  form  cannot  be 
made  piezoelectrically  active.!' 


Overall,  however,  in  the  field  of  ferroelectric  polycrystalline 
ceramics.  No  new  materials  a-e  foreseen  that  will  provide 
revolutionary  impact  to  new  applications.  Instead, 
evolutionary  advances  in  the  processing  of  ferroelectric  ceramics 
will  lead  to  improvements  in  existing  commercial  applications  and 
to  a  gradual  implementation  of  existing  materials  in  new 
applications.  For  cx.ample,  although  ceramic  materials  such  as 
relaxor  ferroelectrics  have  been  known  for  some  forty  years, 
progress  in  their  commercialization  for  MLC  capacitors  and 
actuators  has  resulted  from  recent  enhancements  in  tlicir 
processing  and  fabrication.! '^  '*’1 


III.  FABRICATION7PR{)CE.S.SlN(;  OF 

rLrvROEi.ECTRIC  CERAivllLS 

Fabrication  technologies  for  all  electronic  ceramic  materials 
have  the  same  basic  process  steps  as  presented  in  Figure  1, 
regardless  of  the  application:  powder  preparation,  powder 
processing,  green  forming,  and  densification. 

A.  Powder  Preparation 

The  goal  in  the  preparation  of  ferroelectric  powders  is  to 
achieve  a  ceramic  powder  which,  after  consolidation,  yields  a 
product  satisfying  specified  performance  standards.  A  secondary 
goal  is  to  produce  a  powder  that  can  be  consolidated/densified  at 
lower  temperatures.  TTie  mo.st  important  commercialized  powder 
preparation  methods  for  ferroelectric  ceramics  include: 
mixing/calcination,  copredpitation  from  solvents,  metal  organic 
decomposition  and  hydrothermal  processing.  The  trend  in  powder 
preparation  is  towards  powders  having  particle  sizes  less  than  1 
pm  and  little  or  no  agglomerates  for  enhanced  reactivity  and 
uniformity.  Such  powder  qualities  allow  for  the  development  of 
fine-grained  microstructures  with  enhanced  mechanical  and 
electrical  properties.  Most  importantly,  fine  particulates  are  critical 
tor  the  continuing  miniaturization  of  electro-ceramic  devices. 
Examples  of  the  four  basic  methods  are  presented  in  Table  2  for 
the  preparation  of  BaTiOy  powder.  References  relevant  to 
processing  advancements,  particularly  in  regard  to  multilayer 
capacitor  applications,  including  review  articles! are  given  at 
the  end  of  this  paper. 

Specific  examples  of  significant  developments  in 
mixing ! calcination  processes  are  given  for  the  PbO-based  relaxor- 
based  materials  Pb(Mgi/3Nb2/3)03  |PMN)  in  Table  3.  The 
primary  limitation  for  the  development  of  ferroelectric  relaxors  has 
been  in  the  con.sisient  .synthe.si.s  of  phase-pure  perovskite  powders 
and  ceramics.  However,  this  problem  has  been  successfully 
addressed  through  an  improved  understanding  of  the  surface 
properties  of  the  constituent  oxides,  crystal  chemistry  of  PMN, 
and  overall  kinetics  of  the  synthesis  reaction.  Specifically,  the  “B- 
site  precursor  method,  whereby  the  B-site  oxides  are  prereacted  to 
form  a  columbite  phase,  allows  enhanced  dispersion  and  favors 
foniiation  of  the  perovskite  phase  in  contrast  to  lead-ni  abate 
pyrochlores. 

Note,  many  of  the  advances  in  mixing/caleination  have 
come  through  the  belter  understanding  of  process-siructure- 
property  relationships.  For  example,  knowledge  of  the  underlying 
physiochemical  behavior  of  Pb-ba.sed  perovskites,  also  including 
pyrochlores  and  Bi-layer  structures,  allows  for  controlled 
morphological  developments  during  calcination  or  “soft 
agglomeration,”  whereupon  high  reactive  materials  can  be  readily 
''nrpared 
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Coprecipitation  is  a  chemical  method  whereby  insoluble 
compounds  (e.g.,  hydroxides  or  oxalates,  etc.)  are  precipitated 
from  a  solution  of  metal  salts  (e.g.,  chlorides),  and  the  precipitatci. 
product  is  calcined  to  form  the  desired  oxide  powder.  The 
advantage  of  this  technique  over  calcination  of  mixed  oxides  is  that 
intimate  mixing  of  the  precursors  (in  the  solution  phase)  leads  to 
lower  calcination  temperatures  and  the  preparation  of  high-purity 
and  fine-particle-size  powders,  see  Table  3.  Limitations  are  that 
the  calcination  step  may  once  again  result  in  agglomeration  of  fine 
particulates  and  the  need  for  milling.  An  additional  problem  is  that 
contaminants  from  the  coprecipitation  process  (e.g.,  chlorides, 
carbonates,  etc.)  may  linger  in  the  powder  after  calcination.  For 
example,  commercially  available,  high-purity  BaTi03  powder 
prepared  by  the  well-known  oxalate  process,  whereby  a  Ba-Ti 
chloride  solution  is  precipitated  by  oxalic  acid  and  the  resulting 
precipitate  is  calcined.  However,  the  sintering  performance  of 
these  high-purity  BaTi03  powders  is  hindered  by  the  presence  of 
BaC03,  which  is  formed  during  calcination. 

Metal  organic  decomposition  (MOD),  often  referred  to  as 
sol-gel  processing,  in  which  metal-containing  organic  chemicals 
(e.g.  alkoxides)  react  with  water  in  a  non-aqueous  solvent  to 
produce  a  metal  hydroxide  or  hydrous  oxide,  or  in  special  cases, 
an  anhydrous  metal  oxide.  Powders  typically  require  calcination 
to  obtain  the  desired  phase,  A  major  advantage  of  the  MOD 
method  is  the  control  over  purity  and  stoichiometry  that  can  be 
achieved  with  powder  crystallite  size  on  the  order  of  5-50  nm. 
However,  powder  processing  methods  for  nano-sized  particulates 
have  not  been  developed  to  take  full  advantage  of  such  fine 
powders. 

The  advantage  of  this  technique  over  mixing/calcination  is 
exemplified  by  multilayer  capacitors  fabricated  using  alkoxide- 
derived  relaxor  based  dielectrics.  Capacitors  product  with  this 
powder  have  lower  sintering  temperatures  and  submicron  grain 
sizes,  thus  allowing  thinner  layers  and  enhanced  dielectric 
breakdown  strength.  Such  benefits,  however,  are  contrasted  by 
expensive  chemicals  and  processing  methods. 


thdrofhermal  synthesize  use.x  hot  i  above  lOO’C)  wa 
••nder  pressure  to  produce  crystalline  oxides*'’-)  and  is  widely  u- 
■  •  the  formation  of  AI2O3  (Bayer  Process).  The  major  adsaiua 
of  the  hydrothermal  technique  is  that  crystalline  powders  of  i.,e 
desired  stoichiometry  and  pha.ses  can  be  prepared  at  temperatures 
significantly  below  those  required  for  calcination.  Another 
advantage  is  that  the  solution  phase  can  be  used  to  keep  the 
panicles  separated  and  thus  minimize  agglomeration.  The  major 
limitation  of  hydrothermal  piocessing  is  the  need  for  the 
feedstocks  to  react  in  a  closed  system  to  maintain  pressure  and 
prevent  boiling  of  the  solution,  currently,  Sakai  Chemical  and 
Cabot  Corporation  offer  commercially  available  BaTiOs-based 
powders,  with  P2T  materials  from  Morgan  Matrix;  in  the  late 
stages  of  development. 

Laboratory  research  has  shown  the  considerable  benefits  of 
hydrothermally-synthesized  powders,  e  g.  Ba:Ti  homogeneity, 
lower  sintering  temperatures,  etc.  However,  these  powders 
perform  dramatically  differently  in  post  processing  and  sinienng 
behavior  requiring  further  developments  for  successful 
commercialization.  As  an  example  of  their  unique  behavior,  the 
intrinsic  nature  of  OH-bonding  in  hydrothermally  derived  BaTiOi 
powders  is  thought  to  greatly  influence  densificationlb?), 
particularly  when  accompanied  by  a  BijOy-based  flux,  whereby 
densification  could  be  achieved  at  temperatures  less  than 
800*C.(64) 

H\hrid  S\nthe.us 

A  wide  spectrum  of  ferroelectric  ceramic  powders  may  also 
be  produced  by  the  hybrid  process  involving  both  chemical 
syniiiesis  and  conventional  powder  processing  steps.  For 
example,  promising  results  have  been  reported  for  PZT  ceramics 
derived  from  powders  prepared  from  the  conventional  processing 
of  a  mixture  of  PbO  and  a  hydrothermal  ziiconium  titanate 
precursor.(60'^5)  The  usc  of  chemical  synthesis  methods  to 


Table  1,  Ferroelectric 

Materials  and  Applications* 

17-23) 

Structural  Family 

Composition 

Application 

Development  Stage 

Perovskit* 

BaTiCfj 

Capacitors 

Commercialized 

(Ba,Sr)Ti03 

IR  Detectors 

Development*^'*) 

(Ba,Sr)Ti<>5  (doped) 

PTCR  Thermistors 

Commcrcializ4ition 

Pb(Zr,Ti)C^  (PZT) 

Transducers 

Commercialization 

Actuators 

Dcvclopmcni^^'^) 

Pb,La(Zr,Ti)C)3  fPLZT) 

Electro-optics 

Commercialization 

Ca-doped  PbTiOy 

Transducers 

DcveIopmcnl/Commcrcializalion<‘'’-^^' 

Sm-doped  PbTiOy 

(hydrophones) 

Pb(Sc,Ta)03 

IR  Detectors 

Development*^*) 

(Na,Bi)Ti03 

Transducers  (Fb-frce) 

Rcscarch*^^) 

Pb(Mg,Nb)03  (Rclaxors) 

Capacitors 

Commcrcializ.aiion*^**'^  * ) 

Actuators 

Dcvclopmcni^^^'^^^ 

Electro-optics 

Rcscarch*^^'^^) 

Ba(Zn,Ta)03 

Microwave  Resonators 

Commercialization 

Tungsten-Bronze 

PbNbyOfc 

Transducers  (hydrophones) 

Commercializaiion 

(Sr,Ba)Nb206 

Electro-optics 

Rescarch/Dcvclopmcm*^^) 

Bismuth-Layer  Structure 

Bi4Ti30i2,  Bi2W06 

Ttansducers  (accelerometers) 

Commercialization 

Perovskite-Layer  Structure 

Sr2Nb207 

Tiansducets 

Rcsearch*^^' 

La2Ti207 

(high-tcmpcralurc) 

Bi2(ZnAli,Nb)02 

Capacitors 

Dcvclopmcnt*^*)/Commercialzaiion*’‘)' 

Composites 

PZT/Polymer 

Transducers 

Development*®-'*)' 

Polymers 

PVF2,Co- polymers 

Transducers 

Dcvclopmcnt/Commctcialization''**)  ■*7 ' 

Miscellaneous 

Li2B4C)7  and  AIPO4  (Crystals) 

Transducers 

Development 

ZnO  films 

(high-frcqucncy) 

Commercialized 

AIN  films 

Research*") 

Noie:  Development  stage  may  refer  to  limileii  commercial  inuoduction  specific  to  ccruiin  geographical  regions. 
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uniformly  distribute  dopants  to  conventionally  prepared  powders 
of  BaTi03  for  capacitors  is  another  way  to  combine  the 
performance  advantages  of  chemical  synthesis  and  cost 
effectiveness  of  conventional  processing. 

B.  Powder  Processing 

A  basic  guideline  of  powder  manufacturing  is  to  do  as  little 
processing  as  possible  to  achieve  the  targeted  performance 
standards.  Ceramic  powder  fabrication  is  an  iterative  process 
during  which  undesirable  contaminants  and  defects  can  enter  into 
the  materials  at  any  stage.  Therefore,  it  is  best  to  keep  the  powder 
processing  scheme  as  simple  as  possible  to  maintam  flexibility. 
Uncontrollable  factors  such  as  changes  in  characteristics  of  as- 
received  powders  must  be  accommodated  to  achieve 
reproducibility  in  the  processing  from  batch  to  batch  of  material. 
Keeping  the  processing  simple  is  not  always  possible  for 
ferroelectric  ceramics,  based  simply  on  their  complex  nature,  e.g. 
the  need  for  precise  stoichiometry  control  and  dopants. 

A  fundamental  requirement  in  powder  processing  and 
perhaps  key  to  the  continued  performance  enhancement  is 
characterization  of  the  as-received  or  synthesized  pov.ders.1^^1 


Information  on  tap  and  pour  density,  particle  size  distribution, 
specific  surface  areas,  and  chemical  and  phase  analysis  are  critical. 
Uniaxial  compaction  behavior,  in  particular,  is  easily  measured 
and  provides  data  on  the  nature  of  the  agglomerates  in  a  powder. 

Milling  is  required  for  most  powders,  either  to  retl.ice 
particle  size  or  to  aid  in  the  mixing  of  component  powders. 
Commonly  employed  types  of  comminution  include  ball  milling, 
vibratory,  attrition,  and  jet  milling,  each  possessing  its  own 
advantages  and  disadvantages.  For  example,  ball  milling  is  well 
suited  for  mixing,  but  not  for  comminution,  unless  varying  media 
sizes  and  long  milling  times  are  used.  Vibratory  milling  is  well 
suited  for  comminution,  but  extreme  care  in  dispersion/rheological 
behavior  must  be  considered,  whereas  attrition  milling,  though 
very  effective,  is  generally  more  expensive.  Example  of  advances 
in  terms  of  powder  processing  are  given  in  Table  4.  As  presented, 
attrition  milling  allows  for  the  preparation  of  extremely  fine 
particulates,  generally  are  achievable  by  chemical  synthesis 
methods.  Along  with  the  introduction  of  high  performance  milling 
media,  e.g.  partially  stabilized  zirconia  (PSZ),  minimizing 
contamination,  attrition  milling  is  finding  growing  usage  for  the 
processing  of  electronic  ceramics. 


Ficnre  1.  Schematic  of  iterative  proces.sing  of  ferroelectric  ceramics  and  key  characterization  methods.  -Key 
to  performance  and  reliability  lies  in  the  understanding  of  precursor-process-structure  property 
relationships.” 


Powder  Synthesis 

•  mixing'calcination 

•  coprecipitation 

•  metal  organic 

decomposition 

•  hydrothermal 


Powder  Processing 

•  comminution 

•  powder  flowability 
dopant  distribution 


Green  Forming 

•  Unia.vial  pressing 
>  Isostatk  pressing 

•  Extrusion,  injection  molding 

•  Mullilayering 

•  Thick  film  screening 
- 


II 


Characterization 

•  chemical  and  phase  purity 

•  particulate  morphology 

•  size/distribution 

•  agglomeration 

•  surface  area 


•  dispersability 

•  impurities 

c-4  •  segregation 

•  tap  density 

•  compaction  behavior 


•  microstructure 

•  density,  %  theo 

•  flaw  distribution 

•  interface  reactions 

•  electrical  and  mechanical 

properties 


♦  rheological  behavior 

•  organic  interactions 

<-»  •  binder  burnout 

♦  green  density 

•  green  strength 


Densification 
'  pressureless  sintering 
HIP,  HUP 

—  Oi  Air,  PO:, 
reducing 


i 

I 


Table  2.  Methods  Used  to  Prepare  BaTiOy  Electronic  Ceramic  Powders 


Method _ Reaction _ Particle  Size 

Mixing/calcination  BaCOy  -i-  Ti02  ^  BaTiGy  -v  CO2  T  1  pm  to  100  pm 

Coprecipitation  Ba2+  -i-  Ti02+  -t-  2  C2O  ^  BaTi(C204)24H2)  ^  0-5  pm  (after  calcining 

^  and  milling) 


Hydroiheimal 


Ba(OH)2  -1-  Ti(OH)4 


+ 


H20pH 

AT^P 


BaTiOs  +  2H2O 


Nanosize  to  5  pm 


H2OAT 

.  -1-  Ti(OR)4  +  — ^  BaTi(OR)  ^  BaTiOi  -v  6R 
.solvent 


5.0-50.0  nm, 
(crystallite  size) 
[agglomerate  size 
larger] 


Metal  organic 
(Alkoxide) 


Progress  in  unilerstanding  ihe  surtaie  chemistry  of 
con  ponent  and  reacted  maicriaK  ha>  allowed  the  wide  spread 
usa^e  of  aqueous  processing  as  well  as  the  ability  to  disperse  fine 
particulates  through  surface  passivation.!^^'  With  growing 
environmental  concerns  related  to  the  use  and/or  disposal  of 
hazardous  solvents,  aqueous  privessing  w  ill  continue  to  become 
important  in  the  future. 

"With  the  advances  presented  above  and  the  overall  control 
of  incoming  raw  materials,  e.g,  morphology,  purity,  etc.,  nigh 
performance  ceramics  arc  generally  achievable  without  the 
implementation  of  expensive  chemical  methodologies,  making  the 
mixing/calcination  process  the  method  of  choice  for  most 
ferroelectric  materials  well  into  the  future."  However,  continued 
development  of  powder  processing  methods  for  fine-particle  size 
powders  w  ill  allow  future  commercialization  of  chemical  methtxls 
if  the  cost  of  their  advanced  powders  can  be  reduced. 

C.  Green  Fomiinii 

Green  forming  is  one  of  the  most  critical  steps  in  the 
fabrication  of  ferroelectric  ceramics.  The  choice  of  green  forming 
technique  depends  on  the  ultimate  geometry  required  for  a  specific 
application.  There  are  many  different  ways  to  form  green  ceramics, 
several  of  which  are  summarized  in  Table  5,  Perhaps,  of  all  the 
methods,  the  most  significant  advances  in  processing  have  been  in 
the  realm  of  multilayer  fabrication,  which  includes; 
piezoelectric/electrostrictive  capacitors  (>50  billion  units/year), 
piezoelectr’''/e'ectrostrictive  actuators,  and  varistors,  as  well  as 
several  in  non-ferroelectric  applications  (e.g.  ceramic 
packaging).!*^’^® 

Table  6  summarizes  recent  developments  in  MLC 
fabrication.  Naturally,  the  enhanced  performance  arises  from  the 
corresponding  development  in  binders,  dispersants,  and  overall 
orcanics  and  their  role  in  sheet  formation.  In  addition,  ultra-thin 
MI.C'v  have  led  to  the  need  for  correspondingly  thin  metallization. 
Cii  p.iiticular  significance  in  the  fabrication  of  MLCs  is  that  based  on 


magnetic  tape  fabrication  technology,  whereupon  thin  sheets  can  be 
formed  >6(XJ  ft./min.,  w  hile  being  simultaneously  electrodcd.!^'' 

Recent  developments  in  the  fabrication  of  piezoelectric- 
polymer  composites,  primarily  for  bio-medical  ultrasound  and 
towed  array  transducers,  are  given  in  Table  7.  In  addition  to 
achieving  fine-scale  composiics,  current  emphasis  lies  in  the  ability 
to  economically  fabncate  large  areas  (>meter-st|uare). 

D.  Densificaiion 

Densification  of  ferroelectric  materials  generally  requires 
high  temperature  and  atmosphere  control  (O2,  PbO,  vacuum,  etc.)  to 
minimize  the  porosity  in  consolidated  ceramics.  Heat-controlled 
cycles  are  critical  to  microstructural  development  and  grain  size 
control.  Techniques  such  as  fast  firing  and  rate  conirolled  sinu  ■ 
have  been  utilized  to  inhibit  or  eliminate  undesirable  sinit 
mechanisms.  Hot  isosiatic  pressing  'Hir*'  v. hicb  ; -n 
gaseous  pressure  at  high  temperature,  has  found  m 
commercialization  in  contrast  to  hot  uniaxial  pressing,  whict 
limited  to  relatively  simple  shapes.  The  HIP  process  has  bcc.i 
shown  to  greatly  enhance  the  dielectric  breakdown  strength  (DBS) 
of  multilayer  ceramics  and  actuators  and  can  be  used  to  prepare 
transparent  materials,  including  PLZTs  and  PMN.  Advancements  in 
HIP  processing  of  PbO-based  ferroelectrics  have  also  been  made 
with  the  introduction  of  oxygen  atmosphere  compatible  systems  see 
Table  8). 

Work  continues  to  find  economical  densification  pros  e  ses 
by  which  macro-defect  free  ceramics  with  near  theoretical  densities 
can  be  achieved,  allowing  one  to  approach  the  maximum  properties 
allowable  in  ferroelectric  ceramics.  Much  of  the  progress  in  this 
direction,  however,  will  be  made  through  advances  in  the  pow.'er 
synthesis,  processing,  and  forming  methods. 


Table  3.  Advances  in  Synthesis  of  Ferroelectric  Materials 


Advancemen: 

Material 

Demonstrated  Benefits 

Conventional  (Mixing/Calcination) 

Powder  Synthesis 

Pre-reaction  of  B-site  precursors 
(Columbitc  method) 

Pb(Mg.Nb)03 

Improved  perovskite  phase  purity!'*'’) 

Mtxlificaiion  of  surface  chemistry 
(pH  control)  to  optimize  dispersion 

Pb(Mg,Nb)03 

Improved  perovskite  phase  purity!*'*) 

Crystal  chemical  engineering 
(doping  with  BaTi03,  SrTi03) 

Pb(Zn,Nb)03 

Improved  perovskite  phase  purity!'*^’'*^) 

Reactive  calcination  (optimization 
of  calcination  conditions 

PMN,  PZT 

Improved  sintering  reactivity!'*^) 

Advanced  Pewder  Synihesis  Methods 

Alkoxide  Synthesis 

Pb- based  relaxors 

Fine-particle-size  powders!^’-'*^) 
Thin-layer  MLCs 

Pechiney  Method 
(Citrate  decomposition) 

BaTiOy 

Ba,SrTi03,PZT 

Fine-particle-size  powdersl50.5i.52) 

High  purity 

Oxalate  Coprecipitation 

BaTi03 

Fine-particle-size  powders!55.54) 

High  purity,  stoichiometry 

Hydrothermal  Synthesis 

BaTi03,  PZT 

Fine-particle-size  powders!55.56,57,58,59) 
Lower  sintering  temperatures 

Methods 

PbO  +  hydrothemial  (Zr.TilOa 

PZT 

Improved  compositional  uniformitylOO) 
Fine  grain  size 

Chemical  methods  for  dopant 
addition  “nanoheterogeneity” 

BaTiOt 

Uniform  dopant  incorporationlO*) 

(X7R  dielectrics) 
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Table  4. 


Advances  in  Powder  Processing  IV.  SUMMARY 


Concept 

Benefit 

•  High  energy  milling 
e.g.  attrition 

PbO+MgO-t-NbnOs^PMN 

•  Submicron  powders*^^-^) 

•  Dispersioni''*) 

•  PSZ  media 

•  Minimal  contamination 

•  Aqueous  processing 

•  Non-toxic  solvent 

•  Low  cost 

•  Surface  powder  chemistry 
understanding 
e.g.  “Passivation  -  BaTi03" 

•  Rheological  control 
(dispersability) 

The  primary  conclusion  of  this  review  is  that  the  fabrication 
of  ferroelectric  ceramic  materials  will  continue  to  see  evolutionary 
advances,  primarily  in  the  areas  of  synthesis  and  processing.  The 
implementation  of  recent  improvements  in  processing  methods  for 
conventional  powders  (e.g.  attrition  milling,  dispersion,  etc.)  will 
extend  the  performance  of  ferroelectric  ceramics.  However,  there 
will  be  a  need  for  advanced  powder  synthesis  methods  and 
as.sociated  handling  and  consolidation  procedures  for  the  high- 
performance  end  of  certain  applications,  e  g.  cryogenic  actuators 
for  space.  Without  revolutionary  advances,  the  primary  focus  of 
development  will  be  on  reducing  cost  of  advanced  powder 
synthesis  methods,  such  as  hydrothermal  synthesis  and 
coprecipitation.  If  these  cost  issues  can  be  addressed,  advanced 
synthesis  methods  will  significantly  enhance  existing  materials 
(e.g.,  BaTi03-based  dielectric  ceramics  and  PZT-based 
piezoelectric  ceramics).  Although  the  discovery  of  new 
ferroelectric  materials  is  not  anticipated,  continued  improvements 
in  the  processing  of  emerging  ferroelectric  ceramics,  such  as  PbO- 
based  relaxors,  will  lead  to  their  increased  use  in  existing 
applications  (capacitors  and  actuators),  and  enable  their 
development  for  emerging  applications  (e  g..  E-field  tunable 
transducers  for  sonar  and  bio-medical  ultrasound). 1^^) 


Table  S.  Green  Forming  Procedures  for  Ferroeleclrie  Ceramics 


Green  Forming 
Method 

Geometries 

Applications 

Uniaxial  Pressing 

Disks,  toroids,  plates 

Disk  capacitors,  piezo  transducers, 
igniters,  inch-worm  actuators 

Cold  Isostatic  Pressing 

Complex  and  simple 

High-frequency  ultrasonic 
transducers 

Colloidal  Casting 

Complex  shapes 

Transducers 

Extrusion 

Thin  sheets  (>80  fim)  rods, 
tubes,  honeycombs,  substrates 

Igniters 

FfC  thermi.ster  heaters 

Injection  Molding 

Complex  shapes 

PZT-composites 

Multilayer  Fabrication 

Thin  sheets/multicomponent 

Capacitors,  actuators 

Varistors 

Table  6.  Advances  in  MLC  Manufacturing 


Advances 

Benefits 

Development  Stage 

Ultra-thin  MLCs 

•<10(t 

•  Cap.  Vol.  Eff. 

•  High  energy  storagel^^) 
(replace  tantalum  & 
electrolytics) 

Commercialized*^  ’ 

•  <  6|i 

Research/Development*^'’) 

•  Fine  Metallization 

Developmeni(75) 

♦  High  Speed  Fabrication 

•  Low  cost 
(>600  ft/min.) 

Development^') 

•  Low- Fire 
—  Ag;Pd  electrodes 

•  Low  cost 

Commercialized 

•  Material/Dielectrics 
—High  K  >5000  X7R 

•  Cap.  Vol.  Eff. 

Development(7f>)/Commercialized 

— Relaxors,  e.g.  PMN-based 

•  Cap.  Vol.  Eff. 

Commercialized 

— Varistors  (ZnO) 

•  Surface  Mount  Chip 
Integration 

Commercialized 

— PZTs,  PMN 

•  Actuators 

Commercialized 
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V.  SURVEY  RESULTS 

Prior  to  conducting  this  review,  a  worldwide  survey  was 
conducted  of  scientists  and  engineers  involved  in  ferroelectric 
materials  research,  from  both  academic  and  industrial 
organizations.  This  survey  addressed  significant  recent  and 
anticipated  developments  of  ferroelectric  materials,  and  the 
question  of  whether  conventional  fabrication  methods  for 
ferroelectric  materials  will  be  sufficient  for  future  applications 
requirements.  Responses  were  categorized  by  geographical  region 
(North  America,  Europe,  and  the  Far  East).  Results  of  this  survey 
are  summarized  below: 

•  The  field  of  ferroelectric  films,  although  outside  the  scope  of 
this  review,  was  recognized  as  an  area  where  significant 
recent  developments  were  achieved,  and  where  an  even 
larger  number  of  future  developments  and  applications  were 
anticipated.  The  importance  of  ferroelectric  films  was 
recognized  by  the  largest  percentage  of  respondents, 
regardless  of  geographical  region. 

•  Multilayer  ceramics,  both  actuators  and  capacitors,  were 
identified  as  an  application  area  where  significant  recent 
developments,  particularly  in  terms  of  ultra-thin  layers  and 
the  incorporation  of  relaxor  ferroelectrics,  have  been  made, 
especially  by  respondents  from  the  Far  East 

•  Advances  in  conventional  processing  was  cited  as  an  area  of 
significant  recent  achievement,  although  there  was  little 
confidence  that  conventional  processing  would  see  additional 
advances  in  the  future.  Chemical  synthesis  of  ceramic 
powders,  by  sol-gel  and  coprecipitation  methods,  was 
recognized  as  important  to  future  development  of  existing 
and  emerging  applications,  but  strives  must  be  made  to 
achieve  economical  feasibility,  perhaps  being  achievable 
through  combined  methodologies,  i.e.  hybrid  processes. 


Areas  identified  as  seeing  significant  recent  developments 
included  hot-pressing  and  HIP  techniques  and  piezoelectric 
composites,  whereas  research  topics  identified  as  important 
to  future  applications  include  thick  film  processing  for 
multicomponent  packaging,  assemblage  of  nano-composites 
fc  '  electro-optics  and  ferro-fluids.  relaxor  ferroelectrics. 
smart  materials,  and  optoelectronic  materials. 
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Table  7. 


Advances  in  the  Fabrication  of  PiezoPolymer  Composites 


Advances 


enefits 


Extrusion 

<100  micron  PZT  rods 
<10  micron 

Development!^^) 

Research!^*) 

Pick  and  Place  (Weaving) 

Large  Area  (>  meter-squared) 

Development!^^) 

Lost  Mould  Method 

10  p  -100  scale 

Developmen  t!80,82) 

Injection  Molding 

Low  cost 

Development!*^) 

Fill  and  Dice 

Simplistic 

Commercialized 

Table  8.  Advances  in  the  Densification  of  Ferroelectric  Materials 


Advances 


•  Pressurcless  sintering 

— Vacuum/atmosphere  control 
— Rate-controlled  densification 

•  Hot  uniaxial  pressing  (HUP) 


•  Hot  isostatic  pressing  (HIP) 


•  Hot  forging 

•  Mixed  sintering  • 

•  Fluxes  (liquid  phase)  • 

e.g.  lithium  oxide  &  fluorides 


^Temperature  coefficient  of  capacitors. 


•  Transparent  PLZT 

•  Lower  Firing  Temp  PZTs 

•  PZTs  (pyroelectric  -10  p  wafers 
>  Transparent  PMN,  SBN, 

•  Complex  shapes 

•  Multilayer  capacitors 
—  fatigue  reduction 

•  Multilayer  actuators 

•  Transparent  PMN,  PLZT 

•  Grain  orientation 
e.g.  Bi4Ti30i2 

•  Flat  ^T.C.C.  MLCs 

•  Low  firing  temps 


evelopment 


Development!*^’*^) 

Research!*^) 

(Commercialized 

Research!*^'**) 


Research/Development!*^’^') 
Commercialized!**'^' ) 
Research!^^’^^’^^) 
Research!^^’®'^) 

Research/Deveiopment!^5,96) 


85 


tEFERENCES 

1 .  R.E.  Newnham  and  G.  R.  Ruschau.  “Smart  t-leciroceramics,"  J.  Amtr. 
Cer.  Soc..  74,  pp.  463-479  (1991). 

2.  R.E.  Newnham,  “The  Golden  Age  of  Electroceramics,"  Adv.  Ceram. 
Mater..  3,  12-16  (1988). 

3.  H.  Vanagida,  “Intelligent  MatcriaJs-A  New  Frontier."  Angew.  Chem.. 
100,  1443-46  (1988). 

4.  C..A.  Rogers,  "From  the  Editor,"  Journal  of  Intelligent  Material 
Systems  and  Structures.  1.3  (1990). 

.V  R  E.  Newnham,  “Com()o.sile  Elixtroceramics,”  J.  Mater.  Educ.,  7,  605- 
51  (198.5). 

6.  R.E.  Newnham,  cl  al.,  "Conneelivlty  and  Pie/oeleclric-Pyroclectric 
Composites,"  Maicr  Res  Bull..  Vol.  13,  No.  5,  pp.  525-5.36,  1978. 

7.  H.  Banno  and  S.  Saito,  "Pic/oelectric  and  Dielectric  Properties  of 
Composites  of  Synthetic  Rubber  and  PbTiO^  or  PZT,"  Jon.  J.  AddI. 
Phvs  .  Vol.  22,  Suppl.  22-2.  pp.  67-69  (1983). 

8  H.  Masu/awa,  Y.  lio,  .  Nakaya,  cl  al.,  "Electrostriclivc  Materials  for 
Ultrasonic  Probes  in  the  Pb(Mgi/3Nb2/3)OvPbTi03  System,” 
Japanese  Journal  of  Applied  Physics.  Vol.  28,  Supplement  28-2,  pp. 
101-101(1989). 

9.  Wallace  A.  Smith,  “New  Opportunities  in  Ultrasonic  Transducers 
Emerging  From  Innovations  in  Pic/oclcctric  Materials."  Proc.  1992 
SPIE  Int'l  Svinp.  New  Developments  in  Ultrasonic  Transducers  and 


cms.  July  1992. 


10  R.Y.  Ting,  "Evaluation  of  New  Piezoclatric  composite  Materials  for 
Hydrophone  Applications,"  Ferroelectrics.  Vol.  67,  pp.  143-157 
(1986). 

1 1  N.D.  Patel  and  P  S.  Nicholson,  “High  Frequency,  High  Temperature 
Ultrasonic  Transducers,"  NDT  Iniemaiional  23  (5 1  pp.  262-266  (1990). 

12.  Y.  Ilo,  K.  Ku.shida,  H.  Kanda,  H.  Takcuchi,  and  K.  Sugawara,  "Thin- 
Film  AIN  Ultrasonic  Transducer  Arrays  for  Operation  at  1(X)  MHz." 
Ferrnelecirics  in  press  (1992).  Presented  at  the  Second  European 
Conference  on  the  Application  of  Polar  Dielectrics,  London.  United 
Kingdom.  12-15  April  1992. 

1 3.  T.R.  Shroul  and  A.  Halliyal,  "Preparation  of  Lead-Based  Ferroelectric 
Relaxors  for  Capacitors,:  Am.  Ceram.  Soc.  Bull..  Vol.  66.  No.  4,  pp. 
704-711  (1987). 

14.  T.R.  Shrout.  ct  al.,  "Enhanced  Processing  of  Perovskite 
Pb(Mg|/3Nb2/3)03  Relaxors  through  Understanding  of  the  Surface 
Chemistry  of  the  Component  Powders,"  in  Ceramic  Powder  Science. 
Ceramic  Transaciions.  Vol.  1,  ed.  by  G.L.  Messing,  ci  al.,  American 
CcrarP'i'  Six-reiv.  W'esierville.  OH.  pp.  519-527  (1988). 

15.  M.  Lejeune  and  J.P.  Boilol.  "Low-Firing  Dielectrics  Based  on  Lead 
Magnesium  Niobatc."  M.ai.  Res.  Bull..  Vol.  20,  pp.  493-499  (1985). 

16  Joseph  P.  Dougherty,  "Fifth  U.S.;  Japan  Workshop  on  Dielectric  and 
Piezoelectric  Materials,”  Office  of  Naval  Research  Report.  N66QQ5 
H^vi) 

17.  T.  Shiosaki,  “Recent  Developments  in  Piezoelectric  Materials.” 
Ferroelectrics.  91.  pp.  39-51  (1989). 

18.  S.l  Swartz,  “Topics  in  Electronic  Ceramics,”  IEEE  Trans.  Elect. 
Insiil.  Digest  on  Dielectrics  25,  935-987  (Oct.  1990). 

19  L.L.  Hench  and  J.K.  West  (Eds.),  Principles  of  Electronic  Ceramics, 
John  Wiley  &  Sons.  Inc.,  New  York.  1990. 


20.  J  M.  Herbert.  Ferroelectric  Transducers  and  S 
Science  Publishers,  Inc.,  New  York  (1982). 


,  Gordon  and  Breach 


!  1 .  G.H.  Hacrtling,  “Piezoelectric  and  Electfooptic  Ceramics,”  in  Ceramic 
■Maierials  for  Electronics:  Processing.  fYoperties.  and  Applicaiions.  ed, 
by  R.C.  Buchanan.  Marcel-Dekkcr,  Inc..  New  York,  pp.  139  '’"'s 
(1986). 


R. C.  Pohanka.P.L.  Smith,  and  G.H.  Haertlmg,  "Recent  Advances  in 
Piezoelectric  Ceramics."  in  Electronic  Ceramics.  Properucs.  Devices. 
and  Applieaiions  ed.  by  L.M.  Levinson,  Marcel  Dckkcr.  Inc.,  New 
York.  pp.  45-145(1988). 

Helmut  Thomann,  "Piczocleclnc  Ceramics,"  Advanced  Materials.  2. 
pp.  458-463  (1990). 

B  M.  Kulwicki,  A.  Amin,  H  R  Beratan  and  C..M  Hanscon. 
“Pyroelectric  Imaging."  (to  be  published,  Proc  8th  Int  i  Symp  on 
Application  of  Ferroelectrics  (1992) 

S.  Takahashi.  “Reccni  Developments  in  Multilayer  Piezoelectric 
Ceramic  Actuators  and  Their  Applications,"  lYTroelecirics.  91.  29.3 
(1989). 

Y.  Yamashiia.  et  al..  “(Pb.CaKtCoi/oW  j/s  i.Ti  lO  r  Piezoelectric 
Ceramics  and  Their  Applications."  Jpn.  J.  .Appl.  Phvs..  Vol  20, 
Suppl.  20-4.  pp.  183- 187  (1981) 

H.  Takeuchi,  el  al..  “Electromechanical  Properties  of 
(Pb.Ln)(Ti.Mn)03  Ceramics."  J.  Acoustic  Soc.  Amer .  Vol  72.  No 

4.  pp  11I4-1120(1982|. 

R.W.  Whaimore.  PC.  Osbond.  N..M  Shorrocks.  "Ferroelectric 
Materials  for  Thermal  IR  Detectors."  Ferroelectrics.  Vol  76,  pp  351 
(1987). 

T.  Takenaka  and  K  Sakata.  "Gram  Onented  and  Mii  Doped 
(NaBi)(i.x)/2CaxBi4Ti40|  s  Ceramics  lor  Piezo-  and  Pyrosensor 
M  rials."  Sensors  and  Maieri.ils  I  pp.  35-46(19881, 

T.R  Shroul  and  J  P.  Dougherly,  "A  World  Review  on  Lead  Rased 
(Pbi3|B2)03)  Relaxors  Versus  BaTi03  Dielectrics  tor  Multilayer 
Ceramic  Capacitors.”  Proc.  Symp.  on  Ceramic  Dielectrics.  H.C.  Ling 
(ed  ).  Am.  Ceram.  Soc.  (1989) 

Masatomo  Yonezawa.  Kazuaki  Ulsumi.  Aesushi  Ochi.  and  Torn  Mon. 
“Research  and  Development  of  Relixor  Ceramics  at  NEC.  Prnt  s  7ih 
IEEE  Infl  Svmp.  on  Applicaiions  of  Ferroelectrics.  pp.  159- 164 
(1990). 

R.  Aldrich.  “Requirements  for  Piezoelectric  Materials  for  Deformable 
Mirrors."  Ferroclcc tries  27,  19-25  (1986), 

K.  Uchino,  “Electrostriclive  Actuators:  Materials  and  Applications," 
Am.  Ccrari,.  Soc.  Bull..  Vol.  65,  No.  4,  pp.  647-652  (1986), 

N.C.  Kim.  D  A.  McHenry,  S.J.  Jang,  and  T.R.  Shroul,  "Fabrication  ol 
Optically  Tran.sparcni  Lanthanum  .Modified  Pbl.Mgj/jNbs/jlOi  Using 
Hot  Isostatic  Pressing."  J.  Amci  Ceram.  Soc..  73,  923-928  (1990). 

D  A.  McHenry,  J.R.  Giniewicz,  S.J,  Jang,  T.R.  Shrout,  and  A  S 
Bhalla.  “Optical  and  Electro-Optical  Properties  of  Lead  Magnesium 
Niobate-Lead  Tiianale."  Ferroeleclrii  s  107, 45-46  ( 1990). 

5.  Musikant,  Optical  Materials.  An  Introduction  to  Selection  and 
Apnlications.  Marccl-Dckkcr,  Inc.,  New  York,  1985. 

P.A.  Fuicrcr  and  R.E.  Newnham,  “La2Ti207  Ceramics,"  J.  Am. 
Ceram.  Soc.  75  |11)  pp.  2876-81  (1991). 

M.F.  Yan,  H.C.  Ling,  and  W.W.  Rhodes,”  Low-Firing,  Temperature- 
static  Diclcctrir  Compositions  Based  on  Bismuth  Nickel  Zinc 
Niobaics,"  J.  Am.  Cerarn.  Soc..  73,  1 106-1 17  (i99Li). 

Xao  Yi:  private  communication. 

T.T,  Wang,  J.M.  Herbert,  and  A.M.  Glass,  editors.  The  Anniications  of 
Ferroelectric  Polymers.  Blackic,  Gla.sgow.  United  Kingdom  (15S7). 

H.  Ohigashi.  K.  Koga,  M,  Suzuki,  T.  Nakanishi,  K.  Kimura.  and  N. 
Ha,shimolo,  “Piezoelectric  and  Ferroelectric  Properties  of  P(VDF-TrFE) 
Copolymers  and  Their  Application  to  Ultra.sonic  Transducers," 
Fcrroclccirics  60.  263-276  (1984). 

T,  Furukawa,  “Piezoelectricity  and  Pyroelectricity  in  Polymers,"  IF.EF 
Transactions  on  Electrical  Insulation  24,  375-394  (1989). 

J.H.  Adair,  ct  al.,  “A  Review  of  the  PrtKcssing  of  Electronic  Ceramics 
with  an  Empha.sis  on  Multilayer  Capacitor  Fabrication."  J.  Maier.  Ed  . 
Vol.  9,  No.  1-2,  pp.  71-118  ('l987). 


86 


4.  SI.  Suaru  arul  I  K  Shtout,  '  f  .ihitvaijon  ^>1  Pcris'.skac  l.caJ 

Mjiincsium  Su)hai<-  "  }n^n_  Hiill  17,  ' 

5,  A  HuUi>al.  ot  at  .  "SLibih/jUo/t  oJ  iVfiA  .XiU’  anJ  i>ii.'l^'cuic 

Pro;XTUcs  oi  C'cianin.>  la  ilu'  (Mh/ii)  ^Nh >; ^i( > 's  Pj M  Svsicm.”’ 
Am.  CcrjfM.  S*.v.  PuJl  \'(»J  6ft,  pp  '^7  \  hJh  i 

6-  O-  Furukawa.  V  Vafiusluia,  M  Haralj.  T  lakabashi.  ami  k  In^^aki. 
■■Diclovl/x  PrufXflics  i)l  MihIiIiovI  I  cavl  /iix  Nuvhau;  C  .hc.”  Jjin^ 
Appl.  F*h\s..  24.  '>'>  < 

7  T  R.  Shtoat.  P  Papci.  S  Kua.  and  (•  -  ■  (.'onvcntumaliy 

Prepared  Subaueron  I  ead-liased  PeriU'^  ae  hv  Reak.U'.e  ('aU maiion,” 
Jounu)  ul  the  Aniene.iii  Cer.inue  7.V  1H62-1S67  i  P)‘HH- 

S.  S.  Kini,  i»  S  l  ee.  S  \enk;'  jraaiaru.  .uui  1  K  Shrvkul,  ■'l■ahrlt;a^lon  ol 
Fine  Clraiti  l*ie/ivk\ CeraniKA  I  Kea\.live  C'akuiahon  and 
Milling.  "  Journa’  .»  Materia!^  Svietxe  2ft.  1 1 II  •  IW)  t 

Id.  F,  Chapul  and  J  P  '  .•\;k>i\ide  lUdroxide  kimle  Id  Svnihcsi/c 

Fianum  Tuanalc  IkiNevl  Pn.vderx."  -Xni  Cerjai  S<x  .  p  *^42 
iPN(l). 

^0.  B  J,  Mulder,  “Pu’paraiu’n  <>l  BaiiO^  jinl  Ouier  C'eramu  Pouder  b\ 
C'opreejpilaliDM  ol  CitfaieN  liom  Akuliul."  Am,  Cer  Soe.  Bull  4M 
ill],  'JdO  I 

51.  P  C’.  OsNmuI.  *S.I  Pa>ne.  N  M  ShDrrih.ki.  K AX  \X  hauiuire.  and  R.  W. 
Aingcr.  ‘Ilickvak  and  MurD^uiKUiral  Prll^vlllO^  vd  Bariuni  Sirimiium 
Tilanale  C'eramus  Prepared  turni  i'llrale  Prcxurvirs.”  Sixth  ILFF.  Ini’l 
S\mp.  o.-'  .Appliealioiis  ol  ferreK'kkines.  pp  74S-Sl<ldSM. 

52.  Mana  A,  /aelieie.  C'aiUk  O  pDira  Sanlus,  .I(kc  A  Varela.  FIson 
L.tm^o.  and  Yvuiiru'  P  MaNvarenbax,  "Phase  (  harax len/alion  x)l  Lead 
Zirtx)naic  Tiianalc  Obiamoxi  limn  Or.eanie  Sv»(uiiDnx  ut  Curates.” 
Airier.  Ceram.  S>»e  .  75  jSl  2uss-d^ ’ 

S.S.  K  Osseii-.-Xsare.  F.J  Ain.ieada,  and  J  H  Adair,  ’"SDlubiliiy 
Relalu'nships  m  the  C’oprevi)'UaiiDn  Sxruhesis  vU  Baiium  Tuanaie: 
Meierogcneous  F.qudibna  m  the  Ba  Ii CjOa  ICO  S>Niem.”  in  Cl.  1. 
Messing.  IkH  Fuller,  Jr.,  and  Hans  llauMn,  edx  ,  Ceram le  Powder 
Seienee.  Vol  2.  P>K7.  pp  47-S.^ 

54.  J.M.  Cnado.  F'.J.  Ck*ioi,  C  Real.  F.  Jiinene/.  S  Ramos,  and  i.  Del 
C'erro,  ’  Applieaiion  ol  ilie  Con.siani  kale  fheriua!  Analysis  Technique 
to  the  Mierostruxlure  (’oniri'i  oi  Bal  lO^  "I'lekled  From  Copreeipiuiied 
Oxalaie.”  l-'errwleetnes.  1 15.  pp  4  F4S  ( t'FM  i, 

55.  W.J.  Dawson  and  S.l..  Swan/.  “PoKess  lor  Produeing  Sub-Mierort 
C’cramic  Powders  ot  Peiovxkiie  Cximpounds  with  Cxnurolled 
Sioiehiomciry  and  Panule  Si/c.”  (  ,S  Paieni  5.112,4.1.1,  12  .May 
1W2. 

56.  W.J.  Dawson.  ■"HydrxiilKTinal  SsiuhcMS  ol  .Advaneed  ('eramic 
Powders.”  Ceiam,  Sxx.  Bijli  .  VoJ.  67.  No.  iO,  pp.  lo71  167X 
(IdSS). 

57.  K.  Abx*.  ei  al..  ■’Pukcss  lor  PriKluxine  a  Coinposiuon  which  Includes 

Perrtvskiic  Coiiipounds,  "  I  S  Pjieni  (p)87i. 

5S.  J.  Mcnashi,  ei  al..  Barium  I  iianale  Based  Diclceirie  Compositions,” 
U.S.  Patent  #4.H12.‘Cld  iJdS'M, 

59.  K.  Fukai,  K.  Hulaka,  M,  Axiko.  and  K.  Abe.  “Preparaiiori  and 

Properties  of  Ifniform  Fdne  Perovskuc  Powders  by  Kydroihermal 
Synthesis,”  Iniemauonal.  Ift  pp.  2X5-290  (1990). 

60.  Takashi  Yamamoto.  “Optimum  Preparation  Meihmls  for  Pic/tKlcctric 
Ceramics  and  Their  Evaluation."  Ceramic  Bull  7 1  pp  97X-9X5 
(1992). 

61.  p. Swanson,  S.A.  Bruno.  (  Burn,  K.  Sasaki,  and  H.F.  ergna. 
“Advanced  Dielectric  Powders  for  Improved  Capacitor  Rclia.'iliiy,” 
Prov.  MultlliiY.er  Ceramic  Reliability.  6X-X6,  The  Pennsylvania  Stale 
University  ( 1991 ). 

62.  E.P.  Stambaugh  and  I.F.  Miller.  "Hydrothermal  F’reeipiuuion  of  High 

Quality  Inorganic  Oxulcs,’  in  S,  Somiya.  cil..  t^ruci^pdings  ol  First 
lnici7iatt9naI_Sv.mgo^ium  on  Hytlroihcrmal  Rcactmns.  Gakujui.su 
Bunken  Fukyu-kai  (c/o  Tokyo  Insiiluic  of  Technology)  Tokyo  Japan 
pp.  859-872  (i9X.l).  /  ’  )  ’ 


D.  Hemungs  andS  Sihrcineinji.hc'r,  ‘  C'hafaj.u:ri/aiK>ii  -h  H  .diuthernul 
Banurn  fita/ute."  J,  Euro.  (Vram  .Sot  V.  41-40  >  IW.A 

I  Kumar,  S  F  W  ang,  and  J  P.  Doughert).  ■  prepa/alion  t.>l  Dense 
I'Ura-Fine  Grain  Barium  Tuanalc  Ba.sed  Ceranucs.”  no  be  pubhshedi 

T.  lakagi.  K.  Aneiar.u.  and  K  Shinu/o.  ■Lead-voiuaining  Oxioe 
Powder,”  I'  S  Patent  *4.812, 42o  ( 19X9) 

K.K.  Verna  and  A  Rolvrts  m  G  Y  OmKla.  Jr  .  and  L  I,  Heiuh.  cds . 
Ccraime  PfcKcssing  Before  Firing.  Jxihn  W’llcy  A.  Sons.  Inc  ,  New 
York.  pp.  191-40?  t  N78). 

James  H  Avlaif  and  Thomas  R  Shrxiul,  ‘Suilaxe  F*asxixauon  of 
Pcrovskiie  (kinijxmnds  m  Aqucxius  Sus|vnsum.”  iio  be  paieniedi 

P  Papet,  J.P  Dt)ughefl>.  and  l  .R  Shrout,  "  Panule  and  Grain  Si/e 
Fllcels  x)n  the  Dielecinc  Behaxior  ot  the  Rclaxi>r  FcroK'iecuu 
Pb(Mgi,cNb2/tU)r"  J.  Mat.  Res..  5.  1-8  i  1990). 

K.  I  (suint.  Y  Shimada.  and  H  I'akami/awj,  ’MimolithK 
Muliicomponeni  (Vrarnic  iMM(')  Substrate.”  m  K  A  Ja^ksxxn.  RC 
Pohaiika.  D  R  I  himann.  and  D  R  C  Iruh.  eds  .  EtxMfonic  Paxka^'inf 
Materials  Science.  Materials  Research  SiKiciy.  Puisburgh,  l*A.  pp  15- 
26  ( I98ft(. 

H.T.  Sawhili  and  co-uorkers.  “l.ow  Tcnijvralure  Co-Fnahle  ('eraniks 
with  Co-Fired  Resistors.”  InicrnalK^nal  SiKictx  ol  H\bnd 
MicnvkVfxniics  Priveedings.  p.  47^480 1 1980). 

JxH.*  Rainwaier.  V■|^lalech  Corporatmn.  Dallas.  Texas  <  private 
vtxnmunicauxin) 

Detlcr  Hennings,  Marcike  Klee,  and  Rainer  Wascr.  "Advanced 
Dielecirics  Bulk  C'eramies  and  Thin  l  ilms."  Advance  !  M,iier),|ls  3 
p.  ,YU-M0  ( 19*x:i- 

G.R.  Love.  “Energy  Storage  in  C'erannc  Dielectrics.”  J.  Am  Cyrarn 
SOC..73  ■^2.L:^28  (1989). 

G. H.  Maher.  “MLC  Capacitors  wuh  b  Microns  Active  Dielectric  and 
X7R  Electrical  C’haracicrisucs."  presented  at  the  9Isi  .Am,  (Vr  Sik. 
Meeting.  Indianapolis,  IN  ( 19KS) 

A.  Burer.  BMC  Tech,  (‘iv  (private  ctsmmunicaiion  i 

T.T.  Snmvasan.  Ferro  ('orp  (private  ci>mmunicaiH>n). 

H.  Park.  CPS.  Inc.  (private  communivainm), 

Shoko  Yoshikawa.  The  Pennsylvania  State  L  niversiiy  (private 
coniinunicaijon). 

Dean  Bathol.  Fiber  Maicrials.  Ine,  (private  communication), 

K.  l.ubit/,  A  Wolit,  G.  Preii,  R.  Stoll,  anxl  B.  Schulnieycr,  “New 
Pic/iKdcclric  (  omposiies  fx)r  Ultrasonic  Transducers.”  Ferroelectrics  m 
press  (1992).  Presented  at  the  Second  Furopean  Conference  of  the 
Application  of  Polar  Dielectrics,  London,  United  Kingdom.  1 2- 1  *»  April 
1992. 

Ulrich  Bast.  Dieter  Cramer,  and  AiuJreas  Wolff.  ”.A  New  Technique  U'r 
the  Production  of  Pic/oclcciric  Composites  wnh  !  .v  Conne*  iiviiv,  ” 
Ceramics  TiKlav  Tomorrow  's  Ceramics;  Matcnals  Science  Monographs, 
66r.  Ed.,  P.  V'in«:cn/ini,  Elsevier  Publishing.  Proc.  of  the  7ih  Int  i 
Meeting  on_Modcri)  Ceramics  Tech..  Moniccaimi  Fermi,  Italy.  2  June 
(I '>90). 

G.  Preu.  A.  WkdIT.  D.Crcamer.  and  U.  Bast.  “Microsinu  luring  of 
Pic/oclcciric  Ceramic.”  LCERS  (European  Ceramic  Sxk  ),  Augsburg. 
Germany  (Sept.  1991). 

L.  Bowen,  Matcnals  Systems.  Inc.  (private  communication) 

K.  Nagata,  el  al..  “Vacuum  Sintering  of  Transparent  Pic/o-Ccramics." 
CcranL  Inf..  Vol.  3.  No.  2.  pp.  5.V56  (1977). 

G.S.  Snow.  “Fabrication  of  Transparent  Elcciroopiic  PLZT  Ceramics 
by  Atmosphere  Sintering."’  J.  Am.  Ceram.  Sof.  Vol.  56.  No.  2.  pp 
9L96  (1973k 

K.  l-ubit/.  H.  Hcllebrand.  D.  Cramer,  and  1.  Prol>st.  “Low  Sintering 
PZT  for  Multilayer  Actuators,”  Proc.  ECERS.  Augsburg,  Germany 
(Sept.  1991). 


Nobuko.  S.  Van  Damme,  Audrey  E.  Sutherland.  Lori  Joik'>,  Kciih 
Bridges,  and  Sieplicit  R.  Win/cr.  "Fjhricalu>ii  at  Opiiially  'f  ransiuri  nt 
and  Eleeiroupiic  Slruniiuni  Ujiiutii  Ntobaie  Ceramics,"  J  Amer 
Ceram.  Soc..  74.  pp.  1785-1792  (1991). 

JJl.  Giniewicz,  D.A.  McHenry,  S.J.  Jang,  T.R.  Shroui,  A.Bhalla  and 

F. Ainger,  “Cbutacierizaiion  of  (1-x)  Pb(Mgi;3Nb2/3)03-(x)PbTi03 
and  Pb(Sci/2Tai/2)03  Transparent  Ceramics  by  Uniaxial  Hot- 
Pressing,"  Ferroel^irics.  109,  167-172  (1990). 

L. J.  Bowen,  W.A.  Schulze,  and  J.V.  Biggers.  “Hot  Isosiauc  Pressing 
of  PZT."  Powder  Metallurgy  Int..  12  121,42-96(1980). 

M.  Takata,  S,  Kawahara,  K  Kayeyama.  and  S. Toyota,  “The  HIP 
Treatment  of  Magnetic  and  Piezoelectric  Ceramics,"  Proc.  of  Ini'l  Conf 
Hot  Isostatic  Pressing/Lulea.  11,  .199-401,  15-17  June  (1987). 

Mituhiro  Takata  and  Keisuki  Koyeyama,  “The  High  Frequency 
Transducer  of  HIP-Densified  Piezoelectric  Ceramics,"  Jan.  J.  of  AnnI 
Physics.  22  Supplement  22-2,  pp.  148-149  (1983). 

H.  Walanabe,  T.  Kimura.  and  T.  Yamaguchi,  "Particle  Orientation 
During  Tape  Casting  in  the  Fabrication  of  Grain-Orienicd  Bismuth 
Titanate,"  J.  Am.  Ceram.  Soc..  72  [21  pp.  289-93  (1989). 

J.  Belsick.  Y.  Yamashita,  and  M,  Harata,  'Ccramic/Ceramic  Composite 
for  Multilayer  Capaciior  Application,"  Proc.  IEEE  7ih  InlT 
Svmp. ADDlicauon  of  Ferroelectncs.  44-47  (1990) 

Brahim  Boufrou,  Filbert  Desgardin,  and  Bernard  Raveau,  "Tetragonal 
Tungsten  Bronze  Niobate,  Ko,2Sro.4Nb03:  A  New  Material  for 
Capacitors  with  Flat  Dielectric  Curves."  J.  Am.  Ceram.  Soc..  74.  pp. 
2804-2814(1991). 

J.M.  Haussanne,  O.  Regreng,  J.  Losicc,  G.  Desgardin,  M.  Halmi,  and 
B  Raveau,  “Sintering  of  Various  Perovskites  with  Lithium  Salts.” 
Proc.  6ih  CIMTEC.  Milan.  Italy  (1986), 

G,  Desgardin,  I.  Meg,  and  B.  Raveau,  “baLiF3-A  New  Sintering  Agent 
for  BaTi03-Bascd  Capacitors."  Ceramic  Bulletin.  64.  pp  564-570 
(1985). 

T  R,  Shrout  and  J.  Fielding.  Jr..  "Rclaxor  Ferroelectric  Materials," 
Proceedings  of  the  1990  IEEE  Ultrasonics  Symposium  71 1-720(1990). 


88 


PREPARATION  AND  CHARACTERIZATION  OF  BARIUM  TITANATE  ELECTROLYTIC 
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ABSTRACT 

Low  temperature  (50-60°C)  anodic  oxidation  of 
porous  titanium  bodies  in  an  aqueous  electrolyte 
containing  Ba2+  in  solution  has  been  employed  to 
infiltrate  BaTiO?  onto  a  large  surface  area. 
Microstructural  and  dielectric  characterization  indicates 
the  possibility  of  achieving  extremely  high  capacitance 
values  by  further  improving  the  porosity  of  the  Ti 
bodies  and  electroding  the  BaTiO^  surface  using 
electroless  plating  techniques. 


INTRODUCTION 

Several  recent  reports  have  indicated  that  BaTiOj 
may  be  electrolytically  deposited  onto  Ti  metal 
substrates  at  temperatures  as  low  as  55°C  (1-6).  The 
anodically  deposited  BaTiOs  films  usually  have  cracks 
and  fissures  as  di,scussed  by  Basca  et.al  (6).  However, 
BaTiOs  films  that  are  electrically  insulating  have  been 
prepared  in  our  laboratories  by  reducing  the 
temperature  and  current  at  which  the  films  are  deposited 
(1,2).  We  have  also  controlled  the  oxidation  potential  of 
the  electrolytic  solution  by  purging  the  system  with 
oxygen  during  the  anodic  deposition.  By  careful 
handling  in  air,  we  have  also  developed  the  capability  to 
reduce  the  formation  of  BaCOi  on  the  surface  of  the 
thin  films. 

The  objective  of  the  current  paper  is  to  report 
the  preparation  of  the  first  generation  of  electrolytic 
BaTi03  capacitors  based  on  anodic  deposition  techniques 
reported  in  several  earlier  papers  for  BaTi03  and  using 
technology  reported  for  electrolytic  capacitors 
composed  of  more  conventional  materials,  but  lower 
dielectric  constant  such  as  7AI2O3  and  Ta20s  (1,2,7). 
The  general  processing  steps  and  resulting  dielectric 
properties  of  this  first  generation  of  electrolytic  BaTi03 
capacitors  are  presented  followed  by  a  discussion  on 
how  to  improve  dielectric  performance  in  future 
generations.  The  BaTi03  electrolytic  capacitors  have 
the  potential  to  serve  as  components  in  applications 
requiring  high  capacitance  at  relatively  low  working 
voltages  of  1  to  2V. 


MATERIALS  AND  METHODS 

Preparation  of  Porous  Titanium  Bodies 

Porous  titanium  pellets  (12  mm  diameter  and  2 


mm  thick)  having  approximately  5W/(  theoretical 
density  were  prepared  from  99.4‘7(  pure,  -100  mesh 
titanium  powder  (Johnson  Matthey,  Ward  Hill.  MA) 
employing  an  uniaxial  hydraulic  press.  The  green 
pellets  were  subsequently  sintered  at  1000°C  in  argon 
atmosphere  for  4  hours  to  improve  the  mechanical 
strength  while  retaining  most  of  the  porosity.  The 
sintered  pellets  were  estimated  to  be  of  about  60'^ 
theoretical  density. 

The  sintered  titanium  pellets  were  welded  to  a  0.5 
mm  dia.  titanium  wire  to  provide  an  electrical  contact 
during  further  processing  and  fabrication. 

Electrochemical  Deposition  of  BaTiO» 

Figure  1  shows  a  schematic  diagram  of  the 
electrochemical  apparatus  for  the  deposition  of  barium 
titanate  by  anodic  oxidation  of  the  porous  titanium 
bodies.  TTie  theoretical  background  for  the  fomiation 
and  phase  stability  of  barium  titanate  under  aqueous 
electrochemical  conditions  was  described  in  detail 
elsewhere! 2,8,9).  The  deposition  was  perfonned  for  24 
hours  under  potentiostatic  conditions  (10-20V)  at 
temperatures  as  low  as  50-60°C.  The  electrolyte 
contained  Ba2+  in  0.5M  concentration  as  Ba(CH3COO)2 
and  NaOH  in  2M  concentration  to  provide  highly 
alkaline  conditions  necessary  for  the  formation  of 
BaTi03.  The  solution  was  purged  with  high  purity 
oxygen  throughout  the  deposition  period  to  promote  the 
oxidation  process. 

The  deposited  samples  were  immediately  washed 
in  ammoniated  water  to  avoid  the  formation  of  BaC03 
on  surface  and  subsequently  dried  in  a  vacuum 
desiccator.  Samples  2  and  3  were  heat  treated  at  1 80°C 
in  vacuum  to  further  eliminate  the  moisture  and  slowly 
cooled  to  room  temperature. 

Fabrication  of  the  Capacitor 

A  schematic  diagram  of  the  capacitor  is  shown  in 
Figure  2.  The  titanium  wire  welded  to  the  porous 
titanium  body  serves  as  the  internal  electrode  whereas 
an  aluminum  disc  of  equal  diameter  attached  to  the  body 
with  carbon  paint  serves  as  the  external  electrode.  An 
aluminum  wire  soldered  to  the  disc  acts  as  the  lead.  The 
rest  of  the  porous  body  is  covered  with  carbon  paint  to 
achieve  the  maximum  contact  area  of  the  external 
electrode.  For  Sample  3  only,  electroless  deposition  of 
copper  onto  the  surface  of  the  porous  body  was  carried 
out  in  an  attempt  to  further  increase  the  contact  area  by 
a  possible  infiltration  of  copper  into  the  body. 
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Electroless  deposition  of  Cu  was  carried  out  under 
highly  alkaline  conditions  to  avoid  dissolution  of  barium 
titanate.  The  sample  was  washed  in  deionized  water  and 
then  in  ethanol  before  drying.  After  electroding,  all 
capacitors  were  hermetically  sealed  in  a  hard  polymer 
envelope  and  characterized  for  dielectric  properties. 

Characterization 

Microstructural  and  dielectric  characterization  of 
the  capacitors  was  performed  in  the  Major  Analytical 
Instrumentation  Center  (MAIC)  at  the  University  of 
Florida.  X-ray  diffractometry  (XRD)  {Philips 
APD3720,  Cu-Ka,  40kV-20mA),  and  scanning  electron 
microscopy  (SEM)  (Jeol  JSM6400)  were  used  to 
characterize  the  microstructural  and  compositional 
features.  An  LF  impedence  analyzer  (HP  4192A)  was 
employed  to  measure  dielectric  parameters  such  as 
resistance  (Z),  dissipation  factor  (d).  and  capacitance  (C) 
at  frequencies  ranging  from  5  Hz  to  13  MHz,  under 
series  equivalent  circuit  mode. 


RESIILT.S  AND  niSClISSlON 
Constituent  Phases: 

As  shown  in  Figure  3,  the  X-ray  diffraction  data 
for  t^’e  electrochemically  treated  porous  titanium  pellet 
(San:i 'le  1)  confirms  the  formation  of  BaTiOr  on 
titanium  surface.  However,  the  data  also  reveals  the 
presence  of  substantial  amount  of  BaCO.i,  despite 
rigorous  precautions  taken  during  the  deposition  process 
to  avoid  its  formation.  Since  the  X-ray  analysis  is 
restricted  to  the  outer  surface  of  the  pellet,  it  is  at 
present  believed  that  BaCO.^  might  have  precipitated 
from  the  electrolyte  solution  in  contact  with  the  pellet  at 
the  time  of  its  removal  from  the  reaction  vessel.  Future 
experiments  will  focus  on  modifying  the  washing 
procedures  to  facilitate  the  removal  of  BaCO?  from 
surface. 

Microstructure: 

Scanning  electron  micrographs  from  different 
regions  of  the  fracture  surface  of  Sample  1  are  shown  in 
Figure  4.  As  indicated  there,  electrochemical 
infiltration  of  BaTiO.^  is  limited  to  a  few  hundred 
micron  depth  into  the  porous  Ti  pellet,  while  the  inner 
regions  remain  entirely  free  of  deposition.  This  implies 
the  insufficient  porosity  of  the  sintered  Ti  pellet  to  allow 
complete  penetration  of  the  electrolyte  during  the 
deposition  process.  Further  experiments  are  being 
performed  to  achieve  complete  penetration  of  the 
electrolyte  by  improving  the  sintered  porosity  of  the  Ti 
bodies  and  also  by  applying  vacuum  during  the  initial 
stage  of  the  deposition  process.  In  the  region  close  to 
the  surface,  the  needle-like  morphology  of  the 
deposition  product  indicate.^  the  presence  of  BaCOr  on 
surface,  which  is  also  confirmed  by  the  X-ray 
diffraction  data. 

Dielectric  Properties: 

The  dielectric  characterization  data  for  various 


samples  (after  fabricated  into  capacitors  as  described 
earlier)  is  summarized  in  Table  1.  The  variation  of 
capacitance  and  dissipation  factor  (tan  5)  with  applied 
frequency  is  graphically  illustrated  in  Figures  5  and  6 
respectively. 

Capacitance  values  are  in  the  range  of  1  -5  mF  at 
low  frequencies  (upto  50  Hz)  and  50-100  nF  at  higher 
frequencies  (upto  1  MHz).  The  dissipation  factor  varied 
from  about  15  at  low  frequencies  to  about  0.5  at  higher 
frequencies.  Very  high  capacitances  at  low  frequencies 
associated  with  extremely  large  dissipation  factors  are 
likely  from  the  presence  of  alkali  ions  and  moisture  in 
the  treated  samples.  Heat-treatment  at  180°C  in  the  ca.se 
of  Samples  2  and  3  has  resulted  only  in  a  slight  decrease 
in  fan  5.  Further  experiments  are  being  performed  to 
evaluate  the  feasibility  of  using  alkali-free  electrolytes  in 
the  deposition  process.  Use  of  high  temperature  heat- 
treatments  (in  the  range  of  500-600°C)  may  help 
remove  the  chemically  adsorbed  water. 

Calculated  volumetric  efficiencies  are  in  the  range 
of  1000-5000  nF.V/in\  taking  the  entire  volume  of  the 
sample  into  account.  These  values,  as  such,  fall  between 
those  corresponding  to  Ta20  5  electrolytic  and 
conventional  ceramic  capacitors|7).  However,  it  is 
expected  that  the  volumetric  efficiency  can  be 
substantially  higher  if  complete  infiltration  of  BaTiO?  is 
achieved. 

External  electroding  by  electroless  plating  )f  Cu 
(Sample  3)  has  resulted  in  a  small  increase  in 
capacitance  both  at  low  and  high  frequencies. 

Preliminary  studies  on  the  polarization 
characteristics  of  the  samples  indicated  the  paraelectric 
behavior  with  large  leakage  currents,  confirming  the 
necessity  for  high  temperature  heat  treatments.  Break 
down  strength  measurements  on  these  samples  are 
currently  being  performed. 
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Figure  2.  Schematic  diagram  illustrating  the  fabrication 
of  porous  BaTiOy  electrolytic  capacitor. 
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Figure  1.  Electrochemical  apparatus  for  the  low 
temperature  deposition  of  BaTiOy  on  titanium. 
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Figure  3.  X-ray  diffraction  analysis  data  for  Sample  1  after  elctrochemical  deposition,  shown  with  standard 
JCPDS  reference  patterns  for  BaTiOy,  BaC03,  and  Ti. 
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Ferroelectric  single  crystals  in  the  Pb,  .Ca.TiO:, 
system  have  been  successfully  grown  by  using  PbO  flux 
method.  Naximum  volume  of  crystals  is  a  function  of 
the  Ca  concentration  and  decreases  with  increase  of  x 
from  about  60mm'  at  x=0  to  O.OSmm"  at  x=0.3.  Lattice 
constants  of  a  and  c  axes  are  decreasing  with  increase 
of  X.  Curie  points  are  also  linearly  decreasing  from 
6K7  1'  at  x^O  to  4781'  at  x-O.I,  depending  on  the  Ca 
concent  rat  ion . 


Introduct ion 

It  IS  well  known  that  lead  titanatc  (PbTiO-,)  is  a 
very  useful  piezoelectric  material  because  of  its  high 
Curie  temperature  (Tc=490‘l' )  and  low  dielectric  con¬ 
stant  ('.200).  However,  pure  lead  titanate  ceramic  is 
very  difficult  to  sinter  because  of  its  large  tetrago- 
nality  (c  a=l.064).  On  cooling  the  strong  anisotropy 
of  ceramic  material  creates  many  internal  stresses  at 
the  cubic  tetragonal  transition  and,  as  a  consequence, 
the  ceramic  becomes  fragile.  However,  dense  modified 
PbTiO;,  ceramic  bodies  were  obtained  by  the  addition  of 
small  amount  of  additives  such  as  Nb^O, . '  Further¬ 
more,  large  piezoelectric  anisotropy  has  been  reported 
in  ceramics  modified  with  Ca  or  Sm."  "  Especially, 
concerned  with  the  piezoelectric  properties,  Kp  is 
very  low  (l.l'ij,)  at  a  C.u  concentration  of  24mol%  in 
the  (Pb,  .Ca. )  ((Co,  ,W|  system.  Ani¬ 
sotropy  in  the  coupling  constant  leads  this  material 
to  wide  applications,  such  as  ultrasonic  devices, 
medical  electronic  devices  and  a  variety  of  sensors. 
However,  the  physical  reason  for  this  large  piezo¬ 
electric  anisotropy  has  been  remained  unclear. 

Here,  we  have  attempted  to  grow  the  ferroelectric 
single  crystals  in  the  Pb,  . Ca . TiO, (0 . 30  ' x. ' 0)  system 
in  order  to  elucidate  its  origin. 

Experimental 

Crystal  Growth  Procedure 

The  crystals  of  pure  PbTiO;,  were  grown  using 
various  kinds  of  flux  by  many  researchers.''  These 
methods  are  useful  for  the  growth  of  large  polydomain 
crystals  which  are  usually  thick  and  opaque. 
Kobayashi"  reported  the  growth  of  single  crystals  of 
PbTiO;,  using  the  well  known  Kemeika'  technique.  He 
used  a  mixture  of  PbTiO,  ,  KF  and  PbO.  Even  in  this 
method  it  has  been  found  that  the  crystals  are  heavily 
twinned  are  not  suitable  for  studying  domains 

We  have  applied  the  PbO  method  to  the  ca^ e  f  the 
Pb,  .Ca.TiOr,  in  order  to  prepare  crystals  suitable  for 
several  measurements.  Figure  I  shows  the  flow  chart  of 
manufacturing  process.  The  molar  ratio  of  the  starting 
materials,  Pb,  .Ca.TiO;,  (x-0~0.3)  and  PbO  is  1:4 
(for  example,  in  the  case  of  x  0.20,  10.429g  of 
PbTiOn  ,  l.l70g  of  CaTiO;,  and  38. 4g  of  PbO).  A  mixture 
of  PbTiO.i ,  CaTiOj  and  PbO  powder  is  placed  in  a  plati¬ 
num  crucible  (volume  7‘jml). 

Furnace  arrangement  for  growth  of  Pb,  .Ca.TiO, 
single  crystals  is  shown  in  Fig. 2.  In  the  case  of  x=0, 
the  eutectic  point  of  the  mixture  is  about  850'IC  , 
which  was  determined  by  a  thermal  differential  method. 
However,  as  the  melting  point  of  CaTiO,  (1915‘1(.')  is 
higher  than  that  of  PbTiO,  (i283‘t,'),  the  holding 
temperature  for  the  Pb,  .Ca.TiO,  system  is  higher 
depending  on  the  Ca  concentration.  Tentative  phase 
diagram  is  shown  in  Fig. 4.  The  holding  temperature  is 
( hosen  from  1000  to  1200'X!  as  shown  in  Fig. 3,  depen¬ 
ding  on  the  Ca  concentration.  In  this  figure,  a  slower 
cooling  rate  between  600  and  400'X!  is  necessary  for 
preventing  crystals  from  thermal  stress  at  the  Curie 
point  of  about  490't'  . 
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Fig.l  Flow  chart  of  manufacturing  process 
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Fig. 2  Furnace  arrangement  for  growth  of  Pb,  .Ca.TiO, 
single  crystals 
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Fig. 3  Heat  diagram  for  Pb,  .Ca.TiO,  single  crystal 
growth 
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Measurements 

Domains  were  ileterraineil  by  the  interrept  method 
in  stannum  electron  murostope  (SEM)  photographs. 

The  final  products  were  examined  by  X  ray  diffraction 
using  (-uKa  radiation.  The  compositions  of  crystals 
were  decided  by  Energy  Dispersive  X-ray  (EDX)  analysis 
and  Inductive  Coupled  Plasma  (ICP)  method.  Relative 
dielectric  constants  were  measured  by  LCR  meter  (XHP 
hlliiA)  at  IkHz. 

Results  and  Discussion 

Grown  crystal 

Figure  h  represents  maximum  volume  of  grown 
crystals  as  a  function  of  the  Ca  concentration  x.  In 
the  case  of  x=(),  reddish  single  crystals  are  found  in 
the  product  with  size  of  about  h.Sx  S.7x  1.8mm.  They 
are  almost  polydoraain  crystals.  The  volume  of  grown 
crystals  is  exponentially  decreasing  with  increase  of 
X  in  the  Pb|  .Ca.TiO:,  system  as  shown  in  Fig. 4.  The 
crystal  size  for  x=0.'l  is  0. 39  \  0.  T7  x  0. 3  Imn.  It  shows 
metallic  grey-silver  in  color. 

These  crystals  etched  by  HCl  show  domain  struc¬ 
ture.  In  the  case  of  x=0.10,  maximum  width  is  about 
2lpn  and  minimum  one  is  about  3pm.  It  is  found  that 
the  domain  are  almost  180"  domain.  This  domain  may  be 
due  to  no  strain  because  of  slow  cooling  between  bOOf 
and  boot'  . 

Energy  dispersive  X-ray  analysis  shows  the  3 
peaks  corresponding  to  Pb,  Ti  and  Ca  in  Ca  modified 
PbTiO.,  crystals  as  shown  in  Fig. 6.  Figure  7  shows  the 
actual  composition  of  Ca  versus  nominal  composition  of 
Ca  in  the  Pb,  .Ca.TiO;,  single  crystals.  It  is  found  in 
Fig. 6  that  coincidence  is  fairly  good  at  above  X=0.1S. 

The  X-ray  diffraction  techniques  have  shown  that 
these  crystals  are  single  ones  having  tetragonal  lat¬ 
tice  c=4.152i  and  a=3.903i  for  x=0,  and  c=4.1lbA  and 
a=J.db3)i  for  x=0.25,  respectively.  Figure  8,  9  and  10 
represent  X-ray  diffraction  patterns  for  x=0,  x=0. I 
and  x=0.2  in  the  Pb,  .Ca.TiO-,  system,  respectively.  In 
these  figures,  powders  are  crushed  using  single  crys¬ 
tals.  In  the  case  of  x=0,  the  powder  is  including  the 
impurity  of  PbO  which  is  coming  from  the  flux.  Lattice 
parameters  for  these  crystals  are  shown  in  Fig. 8. 


Fig.")  Maximum  volume  of  crystals  as  a  function  of  the 
Ca  concentration  X 


Pb 


Fig. 6  Energy  Dispersive  X-ray  diffraction  patterns  of 
Pb,  .Ca.TiO,  single  crystal 
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Fig.)  I  Lattice  constant  as  a  function  of  the  Ca 
concentration  X 
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Fig. 9  X-ray  diffraction  pattern  of  Pb„  „Ca„  ,TiOi 


Ferroelectric  properties 

Figure  12  and  13  show  the  variation  of  permitti¬ 
vity  as  a  function  of  temperature  at  1kHz  for  x=0  and 
x=0.  10,  respectively.  It  is  seen  that  at  room  tem¬ 
perature  the  dielectric  constant  is  of  the  order  of 
30.  It  rises  very  steeply  to  a  maximum  of  fx  W  in 
the  neighbourhood  of  Curie  point  Tc.  It  is  found  in 
Fig. 14  that  Curie  points  are  linearly  decreasing  from 
487't:  at  x=0  to  478't.'  at  x=0.1,  depending  on  the  Ca 
concentration.  Maximum  permittivity  is  also  decreasing 
in  the  following;  1.44X  10^  for  x=0,  l.2Ix  lO"*  for 
x=0.0)  and  0.87y  lO’  for  x^O.OI. 


Permittivity  C  xlQ 


Fir.  12  [‘{Tini  1 1 1  v  i  r  y  of  PbTiO,  as  a  funrtion  of 
tempprutur*? 


Fig.n  Pernittivity  of  Pbo  ,,,|Ca,i  as  a  function 

of  temperature 
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Fif’.19  Curie  Point  Tc  as  a  function  of  the  Ca 
concentration  X 


Conclusions 

In  conclusion,  we  have  successfully  grown  the 
ferroelectric  single  crystals  in  the  Pb,  .Ca.TiO, 
system.  However,  at  higher  concentration  of  Ca ,  the 
crystal  size  is  very  small  for  dielectric  and  piezo¬ 
electric  measurements.  So,  we  are  aming  to  prepare 
higher  quality  crystals  with  large  size  by  using 
another  flux. 
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Abstract 

Effect  of  grain  size  on  the  grain  boundary 
resistance  of  undoped  BaTi03  ceramics  fired  at  1270 
1410‘C  was  investigated  assuming  cubic  grains  sharing 
their  faces  with  adjacent  grains.  Two-step  firing 
technique  was  used  to  produce  samples  of  different 
grain  sizes  ranging  from  about  1  to  over  40  pm.  Crain 
boundary  resistance  values  were  estimated  from  the 
complex  impedance  plots  of  samples  measured  at  about 
455'C.  It  was  found  that  the  grain  boundary 

resistivity  is  approximately  constant  and  is  in  the 
range  of  2.  7  x  10‘7  2. 8  x  lO'^  0  m^.  if  the  average 

grain  size  is  larger  than  1  pm.  It  was  also  found  t^at 
the  grain  resistivity  is  in  the  range  of  37  ~  180  Om 
at  455'C.  when  the  grain  is  partially  depleted  of 
mobile  charge.  When  the  grain  was  smaller  than  about  1 
pm.  the  grain  was  totally  depleted  of  mobile  charge, 
and  as  a  result,  the  grain  boundary  would  control  the 
overall  resistance.  In  such  case,  grain  boundary  layer 
extended  to  the  center  of  the  grain,  and  the  situation 
might  be  viewed  as  the  disappearance  of  the  grain. 
Thus,  there  would  be  single  semicircle  in  the  complex 
impedance  plot.  Such  a  case  was  observed  in  this 
study,  indicating  the  feasibility  of  the  grain  boundary 
model  we  had  proposed. 


1.  INTRODUCTION 

Many  electronic  conductors  can  be  viewed  as  grain 
boundary-control  led  devices,  in  that  their  electrical 
characteristics  are  largely  influenced  by  the  presence 
of  grain  boundaries.  Examples  include  PTC  thermistors, 
varistors,  and  grain  boundary  barrier  layer  cajjacitors. 
Electrical  properties  of  these  materials  may  not  be 
provided  by  other  classes  of  materials,  and 

consequently  they  found  wide  and  unique  applications  in 
electronic  components,  including  sel f -regulated  heater, 
degausser,  surge  arrester,  line  conditioner,  etc.  For 
this  reason,  semiconducting  ceramics  have  been 

investigated  by  numerous  researchers  and  the  role  of 
grain  boundaries  in  dc  resistivity  is  well  understood. 
[1.2)  Many  quantitative  models  which  are  in  good 
agreement  with  measured  data  have  been  proposed. 
However.  the  role  of  grain  boundaries  of  high 

resistivity  ceramics  in  electrical  resistance  and 
capacitance  is  not  still  clear. 
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Recently,  it  has  been  repxjrted  that  certain  high  K 
capacitors  based  on  BaTiOs  show  relatively  fast 
degradation  rate.  [3]  Although  degradation  due  to 
defects  from  non-optimized  processing  can  be  improved 
by  the  ever- improving  manufacturing  technologies, 
intrinsic  degradation  resulting  from  the  inherent 
physical  and  chemical  properties  of  materials  cannot  be 
avoided  unless  the  careful  selection  of  chemical 
composition  and  processing  technique  is  made. 
Intrinsic  degradation  behavior  of  various  MLC 
capacitors  were  studied  in  detail  by  Burton  et  al.  [3] 
According  to  them,  generic  intrinsic  degradation  curve 
can  be  schematical  ly  represented  as  the  one  in  Figure 
1.  As  seen  in  the  figure,  there  are  three  distinct 
regions,  of  which  the  second  is  the  most  important.  In 
that  region,  the  exponential  increase  of  leakage 
current  with  time  occurs.  Two  possible  models  to 
explain  this  observed  behavior  have  been  proposed,  and 
one  of  them  is  related  to  the  gradual  decrease  of  grain 
boundary  barrier  height  due  to  cation  migration  toward 
the  grain  boundary.  Therefore,  it  is  quite  appropriate 
to  try  to  understand  the  degradation  behavior  in  terms 
of  grain  boundary  resistance.  As  a  rough  but  initial 
approach  of  a  series  of  systematic  research,  the  grain 
boundary  resistivity  of  undoped  BaTiOj  ceramics  with 
different  grain  sizes  is  being  presented  in  this  paper. 


TIME 

Figure  1,  Generic  plot  of  leakage  current  versus  time 
for  intrinsic  degradation  mechanisms.  [3] 


2.  GRAIN  BOUNDARY  RESISTANCE  IN  HIGH  K  CERAMIC 

The  origin  of  grain  boundary  resistance  to  charge 
transfer  is  the  potential  barrier  present  along  the 
boundary.  The  potential  barrier  is  developed  by  the 
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majority  charge  carriers  irapfied  at  the  grain  boundary 
states  and  by  the  compensating  opposite  space  charge 
distributed  toward  the  inside  of  the  grain.  For  n-type 
electronic  conductors,  these  are  electrons  and  positive 
sptice  charge.  .Additional  charge  can  arise  from 
electrons  trapped  while  traversing  the  grain  boundary 
under  voltage  bias,  from  a  discontinuity  in  the  normal 
component  of  polarization,  and  trapped  ions  at  the 
grain  boundary.  The  latter  two  sources  of  charge  can 
be  compensating  as  well,  reducing  the  net  charge  at  the 
grain  boundary.  If  the  material  is  in  the  non- 

ferroelectric  state,  grain  boundary  resistance  can  he 
modelled  simply  in  terms  of  the  formation  of  double 
Schottky  barrier  at  the  grain  boundary.  The  assumptions 
for  the  model  included  homogeneous  grain  and  grain 
boundary,  no  polarization  discontinuity  at  the  grain 
boundary,  and  no  second  phases  along  the  boundary.  For 
ntype  materials,  grain  boundary  potential  under 
thermal  equlibrium  without  voltage  bias  is  expressed  as 

q2  N'd  If2  q2  N'cb^ 

<t)o  -  ~  “  ( 1  ) 

2  K  £o  8  K  £o  Md 

where  Nd  is  the  donor  impurity  concentration  in  the 
grain,  Ncb  the  occupied  grain  boundary  state 
concentration  by  electrons,  W  the  half-width  of  space 
charge  layer,  and  K  the  relative  dielectric  constant. 

Assuming  the  composition  of  samples  is  constant  and 
the  firing  condition  does  not  change  donor  impurity 
concentrations,  grain  size  dependence  of  equilibrium 
potential  barrier  can  be  sketched  as  Figure  2.  [4] 

Although  the  graph  was  drawn  for  values  of  parameters 
assumed  in  the  figure,  the  same  shape  will  be  obtained 
with  different  threshold  grain  size  and  saturated 
potential  barrier  height.  Below  the  threshold  value, 
grains  are  totally  depleted  of  mobile  charge,  and  the 
potential  barrier  increases  in  proportion  to  the  square 
of  the  grain  size.  At  the  threshold,  total  number  of 
charge  carriers  is  exactly  equal  tq  the  number  of 
grain  boundary  states.  Moreover,  according  to  the 
model,  the  grain  boundary  barrier  saturates  so  that  the 
resistance  of  the  grain  boundary  per  unit  area  should 
be  the  same.  Under  small  voltage  bias,  electrons  in 
the  conduction  band  move  to  the  next  grain  by  thermal 
activation,  so  that  the  resistance  of  single  grain 
boundary  may  be  expressed  as  follows. 

Rjb  -  Ro  exp(tt>o  /  k  T)  (2) 

where  Ro  is  the  constant  related  to  the  resistance  of 
the  grain. 

If  we  further  assume  all  the  grains  are  of  cube 
having  the  same  sizes  and  sharing  their  faces  with 
adjacent  grains,  the  grain  boundary  resistance  per  unit 
grain  boundary  area  may  be  expressed  by  the  following 
equal i on. 

Pjb  =  Rcb  (a  d  /  t)  (3) 

where  Rcb  is  the  total  grain  boundary  resistance.  A 


the  area  of  electrode.  t  the  thickness  of  a  sample, 
and  d  the  average  grain  size. 

10  0  r- 


C  1  1.0  100 

GRAIN  SIZE 

Figure  2.  Dependence  of  calculated  barrier  height  on 
grain  size  under  suitable  assumptions 
(values  of  parameters  indicated).  [4] 


3.  EXPERIMENTAL  PRXEDURE 

BaTiOj  powder  used  in  this  study  was  the  highest 
purity  commercial  powder  with  cation  sublattice  A/B 
ratio  of  1.000.*  In  order  to  control  the 
microstructure  of  otherwise  undoped  BaTiOj  ceramics, 
powder  compacts  in  disc  shape  were  fired  at  1270’C  for 
30  minutes  using  a  fast  heating  rate  of  10'C''min.  This 
yielded  sintered  ceramics  with  about  87*  theoretical 
density  and  less  than  1  pm  grain  sizes.  2  mol*  barium 
nitrate  was  added  to  stoichiometric  barium  titanate  to 
avoid  discontinuous  grain  growth  during  the  primary 
firing  process.  Secondary  firing  was  performed  in  the 
temperature  range  1310'C  1410'C  for  30  minutes  in 
order  for  uniform  grain  growth  to  occur. 

Analysis  of  complex  impedance  can  be  used  to  obtain 
valuable  information  about  grain  boundary  resistance  in 
polycrystdl 1 ine  materials.  [5]  Impedance  measurements 
were  made  for  disc  samples  with  a  Hewlett-Packard  4192A 
Impedance  Analyzer.  Typically  resistance  and  reactance 
values  are  measured  across  a  frequency  range  usually  up 
to  1  NiHz.  in  order  to  minimize  an  error  from  lead 
inductance.  Two  probe  dc  resistance  was  measured  with 
Keithley  617  Electrometer  during  impedance  measurement, 
while  4  probe  dc  resistivity  was  measured  for 
bar-shaped  samples  cut  from  discs  of  the  saje  lot. 
This  was  necessary  to  identify  grain,  grain  boundary, 
and  contact  contributions  to  the  total  impedance. 

Sample  temperatures  were  maintained  at  values  in  the 
350*C  to  600'C  range.  This  is  because  the  resistance 


*  TICON  HPB  powder.  TAM  Ceramics.  Inc. 
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lioit  of  the  bridge  is  only  about  1.3  MQ.  and  elevated 
temperatures  are  required  to  bring  sample  resistances 
below  this  value.  This  is  somewhat  objectionable, 
since  our  ultimate  goal  is  to  learn  more  about 
capacitor  ceramics  near  room  temperature.  However,  we 
may  still  gain  some  useful  information,  since  the  role 
of  grain  boundary  may  actually  be  enhanced  at  elevated 
temperatures  due  to  the  decrease  in  dielectric 
constant. 


4.  RESLITS  A,ND  DISCUSSION 

Apparent  densities  and  average  grain  sizes  of 
sintered  ceramics  were  determined.  Results  showed  87 
^  95  k  density  increasing  with  secondary  firing 
teoifierature,  and  increasing  grain  sizes  with 
temperature  as  well.  Average  grain  sizes  determined  by 
the  line  intercept  method  are  summarized  in  Table  1. 


Table  1.  Average  grain  diameters  of  undoped  BaTiOs 
ceramics  calcined  and  fired  at  various 
temperatures  (Ba/Ti  ratio  =  1.02). 


Firing 

Temperature  (‘C) 

Calcining 
Temperature  (‘C) 

Average  Grain 
Diameter  (pm) 

1270 

1100 

1.0 

1270 

1200 

3.4 

1310 

1100 

8.2 

1330 

1100 

12 

1365 

1100 

13 

1390 

1100 

20 

1410 

1100 

25 

1400 

1200 

40 

Complex  impedance  plots  for  undoped  BaTi03  ceramics 
with  different  grain  sizes  are  illustrated  in  Figure  3. 
As  seen  in  the  figures,  single  semicircle  appears  when 
the  average  grain  size  is  smaller  than  1  pm,  while  two 
clearly  discernible  semicircles  do  when  the  average 
grain  size  is  larger  than  1  pm.  This  result  is 
consistent  with  the  previously  reported  result  by  Lee 
et  al.  [6],  and  can  be  explained  by  the  following. 

When  the  grain  size  is  smaller  than  some  critical 
value,  the  grain  will  lose  all  of  its  electrons  to  the 
grain  boundary  states,  and  the  electrical  resistivity 
of  the  grain  will  be  increased  since  charge  carrier 
concentration  in  the  grain  vanishes.  In  this  case 
modified  grain  boundary  layer  extends  to  the  center  of 
the  grain,  ar  J  the  difference  between  grain  and  grain 
boundary  no  longer  exists.  In  fact,  we  may  view  the 
situation  as  the  disappearance  of  the  grain.  This 
concept  is  supported  by  the  fact  that  the  single 
relaxation  in  1  pm  sample  in  Figure  3  occurs  at  about 
the  same  frequency  for  the  grain  boundary  relaxation  in 
the  samples  of  larger  grain  sizes  (Figure  4). 
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Figure  3.  Complex  impedance  diagrams  of  undoped 
BaTiOs  ceramics  with  various  average  grain 
sizes  at  455'C  :  (a)  1.0  pm.  (b)  8.2  pm. 

and  (c)  20  pm. 


begins  to  exceed  total  number  of  grain  boundary  states, 
i,e.  the  grain  will  be  partially  depleted  of  mobile 
charge.  Therefore,  the  resistance  of  the  grain  will 
become  smaller  than  that  of  the  grain  boundary  due  to 
the  presence  of  free  carriers.  At  the  same  time,  the 
resistance  of  unit  area  of  the  grain  boundary  is 
expected  to  stay  at  about  the  same  values  according  to 
Figure  2  and  equation  (2). 


For  undoped  BaTiOs  ceramics,  partial  depletion  may 
occur  for  the  ceramic  of  grain  sizes  larger  than  1  pm 
at  450"C.  Two  semicircles  observed  for  ceramics  with 
grain  sizes  larger  than  1  pm  should  be  assigned  to 
grain  and  grain  boundary  contributions,  with  the  high 
frequency  arc  being  assigned  to  grain  contribution. 
Contact  resistance  is  negligibly  small  for  high 
resistivity  ceramics  as  verified  by  four  point  probe  dc 
resistivity  measurements. 


On  the  other  hand,  as  grain  size  increases,  total 
number  of  mobile  charge  carriers  present  in  the  grains 
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In  general,  the  threshold  grain  diameter  for  partial 


depletion  may  change  since  the  charge  carrier 
concentration  can  be  a  strong  function  of  temperature, 
whereas  the  grain  boundary  state  density  is  not.  This 
statement  can  even  be  applied  to  ceramics  of  the  same 
compositions.  If  the  composition  is  allowed  to  change, 
the  threshold  value  will,  of  course,  vary  as  well. 

In  our  experiments,  threshold  grain  sizes  for 
partial  depletion  do  not  seem  to  change  in  the 
temperature  range  of  400  ^  550‘C.  Therefore,  it  may 
be  reasonable  to  assume  that  the  charge  carrier 
concent-at ion  is  about  constant  or  changes  little  in 
this  temperature  range  for  undoped  BaTiOs  ceramics. 

Incidentally,  relaxation  time  constants.  T,  for  two 
different  relaxation  mechanisms  are  expected  to  vary 
exponentially  with  inverse  temperature  according  to  the 
following  equation. 

T  =  To  exp  (Er  /  k  T)  (4) 

wh-.-e  Er  is  an  activation  energy  for  relaxation. 
This  relationship  is  illustrated  in  Figure  4  for  two 
typical  cases.  Khen  the  grain  is  totally  depleted, 
only  grain  boundary  relaxation  mechanism  is  evident. 

Since  time  constant  is  defined  by  the  RC  product, 
the  above  exponential  dependence  is  almost  contained  in 
the  exponential  dependence  of  resistance.  Capacitance 
values  in  the  temperature  range  we  have  studied  are 
given  by  the  Curie-Weiss  law.  and  not  a  strong  function 
of  temperature.  Thus,  the  activation  energy  for 
electrical  resistivity  is  expected  to  be  about  the  same 
with  activation  energy  for  relaxation,  especially  if 
single  relaxation  mechanism  exists.  The  important 
thing  one  can  recognize  immediately  in  the  figure  is 
that  the  activation  energies  for  grain  boundary  and 
grain  mechanisms  are  different  with  the  former  having  a 
higher  energy.  The  similar  activation  energies  are 
observed  in  the  inverse  temperature  dependence  of 
logarithmic  bulk  resistivity  measured  by  four-point 
probe  dc  technique  shown  in  Figure  5.  From  the  figure, 
it  is  evident  that  two  linear  regions  appear  for  20  pm 
ceramic  which  has  partially  depleted  grains,  i.e. 
mobile  charge  carriers  in  the  grains.  As  expected  by 
the  grain  boundary  model  we  proposed,  dc  resistivity  of 
samples  with  partial  depletion  is  much  lower  than 
samples  with  total  depletion.  Especially  at  the  lower 
temperature  region  below  440‘C  for  20  pm  ceramic,  the 
resistivity  increases  much  more  moderately  with  lower 
activation  energy  than  1  pm  ceramic  as  temperature  is 
lowered.  It  is  interesting  to  note  that  the  activation 
energy  in  this  region  is  very  close  to  that  of  the 
relaxation  mechanism  of  grain,  whereas  the  activation 
energy  in  high  temperature  region  is  about  the  same 
with  that  of  the  relaxation  mechanism  of  grain 
bounoary. 

Ife  have  previously  reported  that  the  activation 
energy  and  the  logarithm  of  resistivity  are 
approximately  linearly  correlated  for  a  class  of 
commercial  ,\7R  capacitors.  [7]  The  same  trend  seems  to 
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Figure  4.  Logarithmic  relaxation  time  versus  inverse 
temperature  for  BaTiOs  with  average  grain 
sizes  of  (a)  1  pm  and  (b)  20  pm. 

be  true  for  undoped  BaTiOs  ceramics  whose  electrical 
properties  we  are  reporting  in  this  communication.  The 
only  difference  is  that,  even  for  samples  with  low 
resistivity  such  as  20  po  ceramic,  at  sufficiently 
high  temperature  the  activation  energy  increases  to 
that  of  high  resistivity  ceramic.  We  may  assign  the 
high  activation  energy  in  the  range  of  1.2  —  1.5  eV  to 
the  thermal  activation  energy  required  for  grain 
boundary  transmission.  The  low  activation  energy  at 
temperatures  below  440*C  for  20  pm  ceramic  may  be  due 
to  hopping  potential  in  the  grain.  In  this  case,  the 
charge  carrier  density  may  be  constant  as  reported 
previously  for  a  X7R  material,  and  thus  the  activation 
energy  is  controlled  by  the  mobility  of  carriers.  The 
possibile  intrinsic  carrier  generation  above  440'C  for 
20  pm  ceramic  may  be  responsible  for  the  increased 
activation  energy. 

According  to  the  mode!  described  in  section  2,  the 
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igiire  5.  Foiii’  txjinl  rt'S i si  i v i  ly  of  undi.ped  BaTiOo 
oeromics  with  different  average  grain  sizes 
as  a  function  of  inverse  temperature. 

[osislisity  of  unit  area  of  grain  boundary  should  be 
the  same  for  all  samples  exhibiting  partial  depletion 
of  mobile  charge.  In  addition,  if  we  assume  the 
thickness  of  the  grain  boundary  layer  including  space 
charge  region  is  negligibly  thin  compared  to  the  grain 
diameter,  the  resistivity  of  the  grain  should  also  be 
the  same  for  materials  with  fixed  compositions.  The 
data  calculated  from  equation  (3)  are  tabulized  below. 


Table  2.  Calculated  resistivity  of  grain  and  grain 
boundary  of  undoped  BaTiOj  ceramics  at  “ISS’C. 


Average  Grain 

Pt  (Q  m) 

pgb  (Q  m2 ) 

Pi  ameter( pm ) 

1.0 

5.7  X  10-2 

8.2 

160 

6.9  X  10 -2 

12 

37 

3.  1  X  10 -2 

13 

42 

2.7  X  10  :> 

20 

63 

3.7  X  10-2 

25 

180 

2.8  X  10-2 

Although  the  model  we  proposed  is  simple  and  based 
on  several  assumptions,  one  may  find  out  the  relatively 
good  agreement  between  the  model  and  the  experimental 
data  from  this  table. 


5.  SbTMARY  A.h'D  CONCLI'SIONS 

For  undo(x?d  BaTi03  ceramics  with  different  average 
grain  sizes,  we  can  conclude  the  following. 


plots  in  the  temperature  range  400  ^  530'C,  while  two 
clearly  discernible  semicircles  appeared  when  the 
average  grain  size  was  larger  than  1  /im.  Since 
threshold  gram  sizes  for  partial  depletion  do  not  seem 
to  change  in  the  above  temperature  range,  it  may  be 
reasonable  to  assume  that  the  charge  carrier 
concentration  is  about  constant  or  changes  little  in 
this  temperature  range. 

From  the  analysis  of  re'axational  time  constants, 
the  single  semicircle  observed  for  1  tim  sample  was 
attributed  to  the  grain  boundary  contribution.  Two 
semicircles  appeared  for  samples  with  grains  larger 
than  1  pm  were  attributed  to  grain  and  grain  boiindary 
contributions.  Contact  resistance  was  negligibly 
small,  which  was  confirmed  by  four-point  dc  resistivity 
measurement.  .Activation  energies  for  grain  boundary 
and  grain  mechanisms  are  different  with  the  former 
having  a  higher  energy.  Thermal  activation  energy 
values  obtained  from  the  Arrhenius  plot  of  four-point 
resistivity  seemed  to  be  related  to  those  from  time 
constants.  Possible  explanation  for  two  linear 
regions  resulting  in  two  different  activation  energies 
for  20  pm  sample  was  presented, 

Freu  the  calculation  under  cubic  grain  assumption. 
It  was  found  that  the  grain  boundary  resistivity  was 
approximately  constant  and  was  in  the  range  of  2,  7  x 
10‘5  2.8  X  10'7  0  mil,  and  that  the  grain  resistivity 
was  in  the  range  of  37  --  180  0  m  at  455'C.  if  the 
average  grain  size  was  larger  than  1  pm. 


6.  REFERENCES 

[1]  L.  M.  Levinson  (ed.  ),  "Grain  Boundary  Phenomena 
in  Electronic  Ceramics",  advances  in  Ceramics. 
Vol.  1.  Am.  Ceram.  Soc.  (1981), 

[2]  M.  F,  Yan  and  A.  H.  Heuer  (eds,  ),  "Character  of 
Crain  Boundaries",  Advarices  in  Ceramics,  Vol,  6. 
Am.  Ceram.  Soc.  (1983). 

[3]  L.  C.  Burton  et  al,.  "Intr  insic  Mechanisms  of 

Multilayer  Ceramic  Capacitor  Failure",  Annual 
Report.  ON'R  Contract  No.  N000I4-83-K-0168  (1986). 

[4]  H,  Y.  Lee,  S.  S.  Villamil,  and  L.  C.  Burton. 

"Grain  Boundary  Impedance  in  Ferroelectric 

Ceramic",  Proceedings,  6th  IEEE  International 
Symposium  on  Applications  of  Ferroelectrics, 
361-366  (1986), 

[5]  J,  E.  Bauerle,  "Study  of  Solid  Electrolyte 

Polarization  by  a  Complex  Admittance  Method",  J. 
Phys.  Chem.  Solids,  Vol.  30,  2657  (1969), 

[6]  H.  Y.  Lee,  .X,  Qiu.  and  M,  A.  Watts,  "Effect  of 

Grain  S'ze  on  the  Electrical  Properties  of 
Capacitor  Ceramics",  presented  at  the  91st  Ann. 
Meet,  of  the  Am.  Ceram.  Soc.,  Apr.  23  27, 

Indiannapol  i s.  IN,  U.S.  A.  (1989). 

[7]  L.  C,  Burton  et  al..  Intrinsic  Mechanisms  of 

Multilayer  Ceramic  Capacitor  Failure",  Annual 
Report,  ON'R  Contract  N'o,  N00014-83-K-0168  (1984). 


When  the  average  grain  size  was  smaller  than  1  pm, 
'.ingle  semicircle  appeared  in  the  complex  impedance 
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Instead  .if  the  t'am.ius  Maxwell  lagp.'r  d.mlMe 
layer  Ihenry  I’er  the  an..ma!>>us  dielectric 
abserptien  current,  a  ne*  space  charge  mixie!  is 
prep.ised  based  on  the  experimental  results  ..1' 
BaTii'.  ceramics  vihen  an  electric  field  is  .applied 
above  the  i'urie-  point.  This  model  can  explain 
the  very  big  charge  more'  than  lOQO  up  cm'  st.ired 
during  the  ch.arging  by  dc  lield  .ppliealion  ab'.ve 
the  Curie  point  and  the  limi'  di'pendence  of 
discharging  absorption  current.  When  dc  fii'ld  is 
applied  at  room  temperature  to  ISr.  HaiTiO,  eramics 
»ith  a  Curie  point  of  .50  ^  the  behaviors 
corri'sponds  to  those  of  BaTiO.  win'n  a  dc  fi.-ld  is 
applieil  above  the  Curie  point,  Th.“  sample  can  havi' 
a  giant  spacv'  charge  polarization.  The  appar.'nl 
pyroelectric  current  '*as  measured  *ith  discussi'.n 
on  the  role  of  grain  boundaries. 

Keywords:  space  charge  effect,  high  poling, 
ferroelectric  ceramics,  HaTii).,,  tSr.  Ba)TiO 
anoraaU'us  absorption  cerrent,  pyroelectric  cum-nl 

1.  !  nl  roducl  ion 

In  1900,  Okazaki  proposed  two  types  of  space 
charge  models  for  BaTiO-.  ceramics  in  ordv'r  lo 
explain  very  complicated  phenomena  occuring  when 
an  ('li'clric  fi.'ld  is  applied  al  various 
temperatures  below  and  above  the  Curie  point. 

One  of  the  space  charge  effecls  is  produced  by 
electric  field  application  above  the  Curie  point 
effect).  Other  is  generatt'd  during  the 

aging  proci'ss  after  normal  poling  (  P-  t'f  fee  I ).  '  ’ 

‘ In  this  ri'port.  the  W  effect  of  (Sr.  B,a)TiO, 
ceramics  with  a  Curie  point  below  room 
temperature  was  examini'd  and  lh('  role  of  grain 
boundarii's  such  as  a  sl.irage  battery  was 
d  i  scussv'd. 


2-  Kxper  i  m.-nl  a ; 

Bas.-d  •■n  the  an-maious  di.'loctric  abs-  i  pt  i  .n 
currents  ab-.v.  Ih.-  Curi.-  )>.  Inlil  .f  baiio  i-;  I  - 
c'lamics''.  the  .-Ifects  of  giant  st'aco  chaiyo-  ,  \ 
•Sr.iiailiO,  '-SBl:  c. -ramie  samt-ies  u  i  !  li  a  I'u'i. 
point  .1  .50  .  wer.'  mer,sui'-d.  Iho  phen-.m.-na  -  I' 

charging  and  discharging  I'l/.c-ss  O'  SBT  ai,o\.  r.-'iii 
temperature  should  correspond  to  those  of  B1  ar.-ove 
T,  .  Th.'  ti-eatment  of  j-i.iiing  at  a  lomperalur'  above 

T.  named  as  "high  p.-le  of  high  P'ding",  High  p-d.-d 
fer  roe  1  eel  r  i  c  ceramics  have  a  giant  spac.'  charge 

p.'l  ar  i  zat  ion  more  than  1000  uC  cm'',  Ihe  py  ro 
v'lectric  current  ..f  SH’l  was  measured  using  a 
galvanomi-r  with  observ  at  i  ...ii  of  the  grain  boundary 
us  i  ng  a  SKM. 

3.  Ri'sults  and  discussion 
3.  I  .Cni'maiv.'us  dieh'ctric  absorption  currents  of 
fv'rr.K' 1  ect  r  i  c  ceramics  abov.'  Curie  point 
.5s  is  well  kn<.>wn.  when  an  eh'ctric  field,  V,  is 
applied  lo  K  C  seriv's  circuit,  the  charging  and 
disch.arging  currv'nt  is  exprv'ssed  as 

i .  V  R-('xp(  t  ■  RC)  i  ,1,  { 1 ) 

and  thv'  total  stored  charge.  Q,  by  the.  flowing 
current  should  be 

Q  r(C,  V)  OV  (C).  (.2) 

ilowevv'r.  when  V  is  appliv'd  t.i  BaTid.vBT) 
ceramics  abow'  the  Curie  point,  T.  .  the  charging 
and  discharging  currents  should  not  expressed  by 
eq.  (1).  Namely,  thv'  logarithm  of  currnt.  i.i,  and 
the  logarithm  of  discharging  lime,  t.i.  have  a  g.xid 
linear  relationship.  This  means  that  the  phenomena 
cannot  be  explained  by  the  well  kn.vwn  Maxwi'll 
Wagner  double  layer  thi'ory.  The  anomalous 
(li.'lectric  absorption  dielectric  is  experimentally 
expressi'd  as 

i.i  i,  I  (3) 

1  min. 
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when'  ii  is  the  discharging  current  al  t  ,i 


Table  I.  Experiaental  i  values  of  BaTiOs  eeraaics  above  Tc  and 
the  total  aaount  of  stored  space  charge 


T,=Td 

Ep 

t  p 

i  1 

i 

Qo 

(t) 

(kV/cm) 

(s) 

(XIO*®  A/cm*) 

(uC/ci 

130 

2 

100 

9.  946 

n 

8 

a 

0.  867 

t 

20 

a 

0.  837 

M 

a 

1000 

0.  635 

» 

a 

3000 

0.  562 

tt 

» 

10000 

0. 468 

160 

20 

100 

600 

0.  890 

94 

f 

a 

300 

703 

0. 700 

273 

H 

a 

1000 

712 

0.  562 

898 

H 

a 

3000 

720 

0.  526 

2685 

190 

2 

0.  923 

M 

6 

0. 732 

» 

20 

0.  678 

The  i.i  in  BT  ceramics  above  T.-  is  dependent  on 
the  field  application  temperature.  Tp.  the  applied 
field.  Kp.  the  field  application  time,  tp  and  the 
discharging  temperature.  Ti.  Then,  in  the 
ferroelectric  ceramics  above  T.-. 

Q  ^  f(C.  V.  Ep.  Tp.  tp.T„).  (4) 

Khen  only  :  1.  eq.  (3)  ■■  eq(l).  Table  1 

illustrates  the  experimental  r  values  of  BT 
ceramics  above  T.  and  the  total  amount  of  stored 
spsco  charge  under  various  high  poling  conditions. 
For  example,  *hen  Ep  =  2  kV/ram,  Tp  '  130  t  and 
tp  3000  s  for  BT, 

j  0.  .126  <  1.  (5) 

fhen  1  <  1,  the  total  charge  of  the  anomalous 
discharge  current  should  be  infinite, 

Q  ’l-dt  •  (6) 

.4s  is  well  known,  the  spontaneous  polarization, 

Ps,  of  BT  single  crystal  at  room  tempetature  is 
about  2o  uC/cm'.  The  Ps  of  BT  ceramics  at  room 
temperarure  is  on  the  order  of  about  7~10  uC/cm*. 
However,  the  total  charge  to  be  stored  in  BT  above 
T,  during  the  charging  and  discharging  process  is 
possibly  more  than  lOCO  uC/cm*.  Yamanaka  also 
reported  the  giant  polarization.”  Galvanometric 
measurement  shows  that  the  i.og  1  Log  t  linear 
relationship  held  true  even  after  one  week.  The 


charging  and  discharging  process  is  very  similar 
to  that  of  a  storage  battery.  For  the  storage  of 
electric  charge  in  BT  ceramics,  a  barrier  layer  is 
necessary  in  the  ceramics.  It  can  be  considered 
that  the  barrier  in  BT  ceramics  above  Tp  seems  to 
be  the  grain  boundaries.  This  is  because  there  is 
no  domain  wall  above  Tc.  This  result  apparently 
cannot  be  explained  by  the  principle  of 
conservation  of  energy.  Okazaki  has  proposed  a  new 
space  charge  model  for  anomalous  dielectric 
absorption  current  as  shown  in  Fig.  1.  Followings 
are  the  basic  idea; 

a.  inside  every  grain,  a  space  charge  with  a  very 
long  relaxation  time  exists, 
b  the  space  charge  migrates  according  to 
diffusion  equation  corresponding  to  fi-C 
distrubuted  circuit. 

c  the  migration  of  the  space  charge  is  limitted 
at  the  grain  boundaries. 

The  model  of  the  space  charge  inside  grain,  the 
simulated  equivalent  circuit  and  the  calculated 
results  of  normalized  Log  I  Log  t  relatinship  are 
shown  in  Fig.  1(a),  (bY,  (c)  and  (d).®’ 

The  space  charge  model  of  Okazaki  for  dielectric 
absorption  model  can  explain: 
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3.3  Pyroelectric  current  of  high  poled  SET 

Figure  4  shows  a  pyroelectric  current  of  SBT 
sample  high  poled  at  140  t  under  5  kV/mm  for  3000 
s  at  a  heating  rate  of  1  t/min  from  25  t  to 
180  f  The  pyroelectric  current  is  gradually 
increased  with  increasing  temperature.  If  the 
sample  is  kept  at  a  constant  temperature,  it 
should  be  slowly  decreased  with  time  with  a  very 
long  relaxation  time.  The  measurement  was  made  for 
30000  s,  but  the  pyroelectric  current  is  still 
alive  at  a  value  of  1  x  10  ^  .t.-'em*. 

Figure  ,•)  shows  the  pyroelectric  pulse  current 
observed  at  repeated  temperature  change  of  25  t 
and  60  t  oil  bath.  This  result  predict  a 
possibility  of  pyroelectric  application  of  high 
poled  ferroelectric  materials. 

Summary 

Space  charge  model  proposed  for  the  anomalous 
dielectric  absorption  current  current  of  ferro 
electric  ceramics  above  Curie  point.  The  pyro¬ 
electric  current  of  (Sr,  Ba)Ti03  ceramics  above  the 
Curie  point  was  measured  and  discussed. 
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Fig.  4  Pyroelectric  current  of  a  high  poled  SBT 
sample. 


Time  (s) 


Fig.  5  Interrrupted  pyroelectric  current  of  SBT 
sample 
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main  reasons  for  the  inconsistencies  of  those  rep(.)rted  experimental 
results. 


ABSTRACT 

Recently  electric  fatigue  phenomenon  in  high  polarization  ceramics 
has  attracted  more  and  more  attention  because  of  the  development  of 
high  strain  actuaiors  and  ferroelectric  memory  devices.  We  report  a 
study  on  fatigue  behaviors  of  hot  pressed  PLZT  with  composition 
7/68/32  under  different  surface  conditions.  It  is  found  that  the  fatigue 
occurred  at  a  few  thousand  of  cycles  is  mainly  caused  by 
contaminated  surface  instead  of  intrinsic  structure  deterioration.  For 
the  same  gold  electrodes,  samples  w  ith  conventionally  cleaned  surface 
showed  significant  fatigue  within  10''  switching  cycles  while  samples 
with  surfaces  cleaned  by  an  improved  procedure  did  not  fatigue  even 
after  1(8*  switching  cycles.  The  mechanism  of  fatigue  introduced  by 
surface  contamination  is  explained  by  interface  degradation  between 
ceramic  and  electrode. 

INTRODUCTION 

Many  applications  of  high  polarization  ceramics,  such  as  high 
strain  actuators  and  feiroelectric  memory  devices,  involve  repeated 
reversals  of  the  polarization.  One  critical  limitation  on  the 
performances  of  these  devices  is  the  fatigue  associated  w  ith  repeated 
electrical  cycling. 

In  1953,  McQuarrie  I '  I  first  reported  the  time  dependence  of  the 
P-E  hysteresis  loop  in  a  BaTiO.i  ceramic.  He  found  that  after  several 
weeks  of  switching  at  60  Hz,  the  square  shaped  hysteresis  loop  was 
changed  to  a  distinct  propeller  shape  with  some  obvious  decrease  in 
both  the  maximum  polarization  and  the  remnant  polarization.  Merz 
and  Anderson  l^l  studied  fatigue  behavior  in  a  single  BaTiOy  crystal, 
a  gradual  reduction  of  polarization  after  a  few  million  switching  cycles 
was  observed  and  the  fatigue  behavior  was  related  to  the  patterns  of 
the  electric  field  (sine  wave  or  pulse  train  wave).  The  ambient 
atmosphere  was  also  reported  to  affect  on  the  switching  stability  of 
BaTiOy  single  crystal  1^1.  A  more  detailed  study  of  fatigue  was  carried 
out  by  Stewart  and  Cosentino  on  La  or  Bi  doped  PZT  ceramics  I'^l, 
ihey  showed  that  the  polarization  decreased  rapidly  and  was  reduced 
to  half  of  its  original  value  after  5xl()(’  switching  cycles.  They 
concluded  that  the  patterns  of  electric  field,  the  types  of  electrodes, 
and  the  ambient  conditions  had  no  significant  effects  on  the  fatigue 
behavior.  Fraser  and  Maldonado  l-‘’l  also  studied  the  same  La  doped 
PZT  ceramics  and  reported  significant  effects  of  the  electrodes.  They 
found  that  when  indium  was  used  as  electrode  material  instead  of  gold 
or  silver,  there  was  still  85%  of  the  original  remnant  polarization  left 
after  10^  switching  cycles,  but  fatigue  occurred  much  faster  when 
using  lead,  aluminum,  gallium,  silver  and  gold  as  electrode  material. 
Carl  1^1  observed  significant  degradation  in  the  Mn  doped 
PbTiOy  ceramics,  after  only  a  few  thousand  swii.  'hr  ’  cycles  the 
polarization  dropped  to  30%  of  its  original  value  tc; cher  with  some 
increase  of  the  coercive  field,  and  some  cracks  were  also  observed  on 
the  surfaces  of  the  samples  under  SEM. 

Despite  the  fact  that  the  fatigue  effect  is  the  major  factor  which 
prevents  some  potential  applications  of  ferroelectrics,  only  a  limited 
number  of  papers  have  been  publi,shed  on  this  subject.  In  addition, 
these  published  results  by  different  investigators  are  often  in 
contriliction,  and  there  are  no  satisfactory  explanations  for  these 
di.screpancies.  Therefore  a  systematic  study  on  this  subject  is  needed 
in  order  to  understand  the  origin  and  mechanism  of  fatigue  behavior. 
We  report  here  the  first  part  of  an  extensive  study  of  the  fatigue 
behavior  on  La  doped  lead  zirconate  titanaie(PLZT)  ceramic  system. 
The  reason  for  choosing  PLZT  ceramic  system  is  because  its 
relatively  low  coercive  field,  large  polarization  and  square  shaped 
hysteresis  loop.  Moreover,  hot  pressed  PLZT  ceramics  are 
transparent,  therefore  have  potential  applications  in  non-volatile 
memory,  electro-optical,  and  elctrosirictive  devices.  In  this  paper,  the 
focus  will  be  on  the  effect  of  surface  contamination  on  the  fatigue 
behavior.  We  believe  that  different  surface  conditions  was  one  of  the 
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EXPERIMENT  PRCX  EDURF.S 

Lanthanum  doped  lead  zirconate  titanate  ceramic  specimens 
were  fabricated  from  mixed  oxides  by  hot  pressing  technique.  The 
composition  used  in  this  study  is  Pb()  yyLao  u7(Zj'()6xTio.32)()  yij2s0.v 
Conventionally,  this  formula  is  simplified  to  a  form  7/68/32  according 
to  the  mole  ratio  of  La/Zr/Ti.  The  average  grain  size  is  about  5p.m.  At 
room  temperature  7/68/32  is  in  rhombchedral  phase.  Samples  were 
first  cut  into  platelets  with  the  areas  of  about  10  mm-  and  thicknesses 
in  the  range  of  150-300pm,  then  annealed  at  6(K)  'XT  for  1  hour  to 
release  the  mechanical  stress  generated  during  cutting  and  grinding 
processes. 

In  conventional  cleaning  procedure,  organic  solvents  (alcohol  or 
acetone)  were  used  to  rinse  the  .stimples  and  then  the  samples  were 
dried  in  air  at  room  temperature.  An  improved  cleaning  method  used 
in  our  experiments  is  described  as  follow  s:  first  the  samples  are 
cleaned  by  conventional  procedure,  then  they  are  further  cleaned 
ultrasonically  in  solvent,  and  finally  the  samples  are  heated  in  a 
furnace  for  1  hour  at  500-6()(PC.  Gold  electrodes  were  sputtered  onto 
the  sample  surfaces. 

The  properties  studied  here  are  the  remnant  polarization  Pr,  the 
maximum  polarization  Pm,  coercive  field  E^,  and  the  dielectric- 
constant  in  depoled  state.  High  voltage  sine  wave  AC  field  was  used 
to  switch  the  polarization,  and  the  hysteresis  )cx)ps  were  measured 
chough  a  conventional  Sawyer-Tower  circuit  and  a  Nicolet  214  digital 
oscilloscope. 

RESULTS  AND  DISCUSSION 


Fig.l  shows  a  typical  result  obtained  at  10  Hz  from  a  specimen 
cleaned  by  conventional  procedure.  One  can  see  that  the  fatigue 
started  at  about  10^  switching  cycles,  and  proceeded  very  rapidly 
between  10^  - 10^  cycles.  The  polarization  Pj  dropped  to  a  value 
below  30%  of  the  initial  values  after  10^  switching  cycles.  The 
changes  of  the  saturated  polarization  which  was  not  show  here  have 
similar  behavior  as  that  of  the  remnant  polarization  Pr.  Fig. 2(a)  and 
2(b)  are  typical  hysteresis  loops  before  and  after  the  fatigue  test.  The 
coercive  field  Ec  also  increas^  with  switching  cycles.  We  found  that 
the  polarization  decrease  is  always  accompanied  by  the  increase  of  the 
coercive  field  Ec,  which  is  consistent  with  the  results  obtained  by 
other  researchers  14)15117)  Measurements  made  at  the  frequencies  of 
100  Hz  and  200  Hz  did  not  show  apparent  difference. 


Fig.3  shows  the  changes  of  the  polarization  and  coercive  field 
with  switching  cycles  for  samples  cleaned  by  improved  procedure. 
The  experiment  was  carried  out  at  a  frequency  of  1(X)  Hz.  No  fatigue 
was  observed  even  after  10*  switching  cycles.  We  can  see  this  more 
clearly  from  the  two  hysteresis  loops  in  Fig.4,  which  were  recorded 
at  10^  and  2x10*  switching  cycles,  respectively.  We  can  conclude 
from  these  experimental  results  that  the  fatigue  shown  in  Fig.  1  is 
purely  extrinsic,  i.e.,  caused  by  dirty  surfaces.  The  actual  lifetime  of 
PLZT  7/68/32  ceramics  with  average  grain  size  5  pm  is  much  longer 
than  that  shown  in  Fig.  1 .  For  improperly  cleaned  samples,  the 
organic  contaminants  are  trapped  at  the  ceramic -electrode  interfaces. 
During  switching,  a  large  electric  field(  15-40  kv/cm)  was 
continuously  applied  on  the  sample,  the  trapped  contaminates  will 
cause  large  field  concentrations  resulting  a  failure  of  the  electrode 
bonding. 


Fatigue  in  PLZT  Specimens  Cleaned  bv  Conventional  Procedure 


Fatigue  in  PLZT  Specimens  Cleaned  bv  Improved  Procedure 
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Fig.  1  The  changes  of  the  normalized  remnant 
polarization  Pt  and  coercive  field  Ec  with 
switching  cycles  for  a  conventionally  cleaned 
PLZT  7/68^32  specimen. 
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Fig.3  The  normalized  polarization  and  coercive 

field  as  functions  of  the  switching  cycles  for  a 
specimen  cleaned  by  the  improv^  procedure. 


Fig.2  Typical  hysteresis  loops  at  10^  (a)  and  3x10^  (b) 

switching  cycles  for  a  conventionally  cleaned  PLZT 
7/68/32  sample  at  a  frequency  of  10  Hz, 


Fig.4  Typical  hysteresis  loops  of  a  sample  cleaned  by 
improved  procedure  at  a  frequency  of  100  Hz.  (a) 
at  10^  switching  cycles,  and  (b)  at  2*10*  cycles. 


Although  these  experimental  results  may  not  be  used  as  a  proof 
to  discredit  the  validity  of  other  previous  explanations  on  fatigue  in 
terms  of  internal  domain  behavior,  we  can  at  least  conclude  that  the 
fatigue  in  fine  grain  hot  pressed  PLZT  7/68/32  is  caused  by  the 
improper  ceramic -electric  interface,  may  be  eliminated  through  an 
improved  cleaning  procedure  described  above.  This  finding  is 
encouraging  for  many  prospective  applications  of  ferroelectrics. 

Fatigue  Originated  from  Surface  Contamination 

A.  Deterioration  of  Ceramic-Electrode  Interface  under  High  AC 

field 

In  fatigue  experiments  the  possible  sources  of  contaminants  are: 
abra.sive  residue  from  grinding  process;  residue  of  solvenisfwater, 
alcohol  or  acetone);  water  in  the  air;  residue  of  the  bonding  glue  from 
cutting  process;  skin  grease  from  finger  touch.  Without  funher 
cleaning  these  contaminants  are  left  on  the  surfaces  of  specimens,  and 
being  sandwiched  between  the  sample  surface  and  the  electrode, 
producing  a  poor  interface  contact.  The  effects  of  solvents  and  skin 
grease  were  further  examined  in  the  following  experiments.  First,  the 
samples  were  etched  by  H3PO4  acid  to  remove  the  abrasive  residues 
and  skin  grease,  then  the  following  surface  treatments  were  given  to 
three  different  samples; 

a)  sample  1  was  washed  by  water  and  acetone,  then  rubbed  both 
surfaces  by  fingers; 

b)  sample  2  was  washed  by  water  and  acetone,  then  let  it  dry  in 
the  air; 

c)  sample  3  was  washed  by  water  and  acetone,  then  heat  treated 
in  a  furnace  at  500  °C  for  1  hour  (free  from  contamination). 

Fig. 5  shows  the  results  from  the  fatigue  tests  on  these  samples 
using  a  100  Hz  sine  wave  AC  field.  The  remnant  polarization  of 
sample  3  did  not  decrease  at  all  after  10*  switching  cycles,  only  Ec 
increased  slightly.  The  Pr  of  sample  2  fatigued  to  85%  of  its  initial 


value  after  10*  switching  cycles  and  Ec  increa.sed  about  18%.  Sample 
I  was  the  worst  among  the  three  samples,  its  Pr  reduced  to  30%  of 
the  initial  value,  and  Ec  increased  50%  after  only  2x10*’  cycles.  Since 
the  three  samples  only  differ  in  surface  treatments,  these  discrepancies 
in  fatigue  results  can  only  be  explained  in  temis  of  the  different  degree 
of  surface  contamination. 

Although  the  experiments  clearly  indicate  that  the  fatigue  is 
initialized  at  the  interface  between  the  surface  and  electrode.  The 
reactions  of  organic  contaminants  under  high  AC  field  at  the  interface 
are  very  complicated.  A  few  possible  explanations  for  what  might 
have  happened  at  the  interface  tue;  1*11^1  1 )  electrochemical  reaction, 
such  as  ionization  of  contaminants,  reduction  of  the  chemical 
composition  near  the  sample  surface;  2)  corona,  high  voltage  can 
ionize  water  and  organics,  causing  partial  discharge  which  leads  to  a 
time  related  continuous  degradation  of  the  dielectric  property;  3) 
contact  deterioration  effect,  residue  of  solvents  and  skin  grease 
prohibit  a  direct  contact  of  the  metal  electrode  with  the  sample  surface, 
resulting  a  poor  contact.  When  a  poor  contact  occurs,  a  large  field  is 
applied  to  the  contaminant  layer  which  has  much  smaller  dielectric 
constant  than  the  sample,  causing  electrochemical  reaction,  resulting 
in  a  partial  failure  of  the  contact. 

The  electrode  surface  of  a  fatigued  sample  (which  was  cleaned 
by  conventional  method)  was  examined  under  SEM,  and  many 
regions  were  found  where  the  electrode  has  been  separated  from  the 
ceramic  as  shown  in  Fig.6.  We  believe  from  our  experimental 
observations  that  the  explanation  3)  above  may  be  the  most 
appropriate  one. 

B.  The  nature  of  the  fatigue  bv  surface  contamination 

In  order  to  find  the  nature  and  degree  of  damage  produced 
during  fatigue,  different  heat  treatments  were  given  to  a  fatigued 
sample.  Table  1  listed  the  remnant  polarization  and  the  coereive 
field  Ec  measured  after  the  fatigued  sample  went  through  a  heat 
treatment  at  300  °C  for  3  hours.  Only  partial  recovery  of  Pr  was 
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Fig.5  The  normalized  remnant  polarization  (a)  and  coercive  field  (b) 
as  functionsi  of  switching  cycles.Sample  1  was  contaminated 
by  solvent  and  skin  grease;  sample  2  was  contaminated  by 
solvent;  sample  3  was  cleaned  by  the  improved  procedure. 


Table  4.1  Comparison  of  the  remnant  polarization  (Pr)  and  the 
coercive  field  (Ec)  for  a  PLZT  7/68/32  sample 
under  different  treatments 


Pr  (uc/cm^) 

Ec  (kv/cm) 

Before  fatigue 

27.0 

5.0 

After  fatigue 

6.0 

6.8 

After  300OC  heating 

19.2 

10,4 

After  6(X)  °C  heating 

22.4 

7.3 

After  removal  of  30|j.m 

22.5 

7.2 

achieved  and  Ec  became  even  larger.  The  sample  then  experienced 
further  heat  treatment  at  600  °C  for  1  hour,  further  improvements 
were  observed  as  shown  in  Table  1 .  However,  the  Pr  and  Ej  still 
could  not  recover  to  their  initial  values,  which  means  that  part  of  the 
damage  in  the  fatigued  sample  is  permanent.  In  order  to  investigate 
the  depth  of  the  damage  from  surface  initiated  fatigue,  the  sample  was 
then  ground  off  a  15  pm  thick  layer  from  each  surface  and  re- 
electi^ed.  The  measured  results  (table  1 )  show  no  funher 
improvement,  which  indicates  that  the  damage  has  propagated  to  the 
interior  of  the  sample. 

Previously,  fatigue  in  ferroelectrics  was  explained  as  due  to  the 
stabilization  of  domain  walls  HlHinoi.  Fatigue  caused  by  domain 
pinning  usually  can  be  recovered  by  heating  the  samples  to 
paraelectric  phasel^lri®!.  In  our  experiments,  total  recovery  did  not 
occur  even  after  the  fatigued  sample  has  been  heated  to  as  high  as  600 


Fig.6  SEM  photograph  taken  from  the  electroded 
surface  of  a  fatigued  sample 


“C  which  is  470  "C  higher  than  the  dielectric  maximum  temperature. 
Therefore,  the  fatigue  we  have  observed  could  not  be  due  to  the 
domain  wall  pinning,  instead,  we  believe  that  the  intergranular 
microcracking  is  responsible  for  the  non-recoicrable  fatigue  initiated 
by  surface  contamination.  Scanning  Electron  Microscopy  was 
performed  on  a  fatigued  sample! Fig. 7  a)  and  non-fatigued 
sample(Fig,7  b)  with  ground  surfaces.  The  samples  were  etched 
using  H3PO4  acid  to  remove  gold  electrodes.  On  the  micrographs  in 
Fig. 7,  we  can  see  some  of  the  grinding  damages  and  etch-pits  for  the 
non-fatigued  sample,  while  for  the  fatigued  sample  we  see  a  lot  of 
grains  without  grinding  damages  and  etch-pits.  This  means  that  a 
whole  layer  over  the.se  grains  was  pulled  out  during  etching,  which 
indicates  that  the  bonding  between  grains  was  weakened  during 
fatigue  test.  In  addition,  some  cracks  around  grain  boundaries  are 
clearly  visible,  but  no  large  cracks  were  observed  either  on  the 
surfaces  or  on  the  cross  .section  of  the  fatigued  sample. 

Fig. 8  is  an  optical  mierograpli  which  was  taken  from  a  fatigued 
sample  after  the  electrode  being  carefully  removed.  Many  regions  in 
the  original  transparent  sample  become  opaque,  which  indicates  that 
the  nonuniform  damage  in  the  fatigued  satnple.  This  non-unifomi 
damage  is  due  to  the  partial  failure  of  the  electrode  caused  by  the 
trapped  contaminates. 

SUM.MARY  A.\D  CO.NCLLSION.S 

A  systematic  study  has  been  carried  out  on  tbe  infiuenee  of 
surface  conditions  on  the  fatigue  behavior  of  hot  pressed  PLZT 
7/68/32  ceramics  with  ;in  average  grain  size  of  5(im.  It  is  found  that 
the  oKserved  fatigue  which  occurred  within  10^  switching  cycles  is 
actually  caused  by  surface  eomamination.  These  surface  contaminates 
cause  deterioration  of  the  contact  Isctween  the  fernxtleetrie  ceramic  and 
the  electrode,  resulting  an  inhoniogeneous  field  distribution  in  the 
specimen.  Microcrackings  tue  generated  at  the  grain  boundaries  due  to 
high  electric  field  concentration.  .As  a  result,  the  applied  field  then  will 
be  concentrated  across  those  cracks  parallel  to  the  electrode,  which 
effectively  raise  the  coercive  field  and  lower  the  pokuization.  The 
conventional  cleaning  method  is  proved  to  be  inappropriate  for 
specimens  used  under  high  AC  field.  This  surt'ace  contamination 
initiated  fatigue  can  be  eliminated  though  an  improved  surface 
cleaning  procedure.  Our  results  show  that  the  ferroelectric  properties 
of  PLZT  7/68/32,  such  as  the  polarization  and  the  coercive  field,  can 
be  preserved  for  more  than  10**  switching  cycles  if  the  surface 
contaminates  are  removed. 

Contrary  to  some  reported  results  i'*ll  "h.  We  found  that  part  of 
the  fatigue  damages  are  permanent  and  iue  throughout  the  entire 
sample.  The  fatigued  properties  i.e.,  the  reduced  polarization  and  the 
increased  coercive  field  can  be  partially  recovered  though  heat 
treatment,  however,  a  complete  recovery  is  not  possible. 

It  should  be  pointed  out  that  the  results  obtained  here  are 
applicable  only  for  small  grain  ceramics,  the  fatigue  mechanism  in 
large  grain  systems  is  different  I ' '  1. 
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Fig.7  SEM  photograph  taken  from  a  non-faiigued  sample 
(a)  and  fatigued  sample  (b)  after  chemical  etching. 


REFERENCES 

1 1 1  Malcolm  McQuairie.  "Time  Effects  in  the  Hysteresis 
Loop  of  Polycrystalline  Barium  Titanaie  ", 

•  24,  pp.  1334-1335,  1953. 

(21  W.  J.  Merz  and  J.  R.  Anderson.  "Ferroelectric  Storage 
Device",  Bell  Lab.  Record.  33,  pp.  335-342,  1955. 

13)  J.  R.  Anderson,  G.  W.  Brady,  W,  J.  Merz  and  J.  P. 
Remeika.  "Effects  of  Ambient  Atmosphere  on  the 
Stability  of  Barium  Titanaie ",  J.  Apol.  Phvs..  26, 
pp.  1387-1388,  1955. 

14)  W.  C.  Stewart  and  L.  S.  Cosentino.  "Some  Optical  and 
Electrical  Switching  Characteristics  of  a  Lead 
Zirconate  Titanate  Ferroelectric  Ceramics ", 
Ferroelectrics.  1,  pp.  149-167,  1970. 

15)  D.  B.  Fraser  and  J.  R.  Maldonado.  "  Improved  Aging 
and  Switching  of  Lead  Zircanate-lead  Titanate 
Ceramics  with  Indium  Electrodes"",  J.  Appl.  Phvs..  41, 
pp.  2172-2176,  1970. 

16)  K.  Carl.  ""Ferroelectric  Properties  and  Fatigue  Effects 
oi  Modified  PbTi03  Ceramics"",  Ferroelectrics.  9, 
pp.  23-32.  1975. 

[7]  W.  R.  Salaneck.  ""Some  Fatigue  Effects  in  8/65/35  PLZT 
Fine  Grained  Ferroelectric  Ceramics  ", 

Ferroelectrics.  4,  pp.  97-101,  1972. 

|8J  Carl  J.  Tauischer.  pp.  4-5  in  Contamination  Effects  on 
Electronic  Products.  Marcel  Dekker,  INC.,  New  York. 
Basel.  Hong  Kong,  1991. 

|91  K.  L.  Mittal,  Morton  Antler,""  Effect  of  Surface 
Contamination  on  Electric  Contact  Performance""; 
pp.  1 79- 1 82  in  Treatise  on  Clean  Surface  Technology. 

Vol  1,  Edited  by  K.L.Miital.  Plenum  Press,  New  York 
and  London,  1987. 

[10]  Ennio  Fatuzzio  and  W.  J.  Merz,  pp.  102- 104  in 

Ferroelecrricitv.  Nonh-Holland  Publishing  Company, 
INC  New  York,  1967. 

1 11 1  Hun-Taeg  Chung,  Byoung-Chul  Shin,  and  Ho-Gi 
Kim.  ’"Grain  Size  Dependence  of  Electrically  Induced 
Microcracking  in  Ferroelectric  Ceramics’", 

J.  Am.  Cerarn.  Soc..  72(21.  pp.  327-329,  1989. 


Fig.8  Transmission  optical  micrograph  taken  from 
a  fatigued  sample. 
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Abstract 


Experimental  Procedure 


Ferroelectric  polarization  fatigue  (loss  of 
polarization  with  cycling)  of  donor  and  acceptor  doped 
BaTiOs  ceramics  and  PZT  thin-films  has  been 
investigated.  Donor-doped  BaTiOs  ceramics  showed 
significantly  improved  fatigue  characteristics  when 
compared  with  acceptor-doped  materials.  Enhanced 
fatigue  properties  were  also  observed  in  donor-doped 
PZT  thin-films.  The  electric  field  assisted  migration  of 
charged  species  within  ferroelectric  materials  may  be 
responsible  for  the  degradation/fatigue  behavior. 
Results  confirm  the  expectation  that  oxygen  vacancies 
play  an  important  role  in  degradation/fatigue  under  the 
electric  switching. 


Introduction 

Many  applications  of  both  ferroelectric  thin-films 
and  bulk  ceramics  utilize  polarization  switching  in  their 
operations.  Some  of  these  include  ferroelectric 
memory  devices  n-31,  electro-optical  devices  HI,  and 
actuators  (5).  A  major  problem  for  commercial 
applications  is  the  long  term  stability  of  these  devices. 
During  fatiguing,  the  polarization  decreases  with 
increasing  switching  cycles.  There  are  several 
possibilities  for  fatigue  in  thin-films  and  bulk 
materials,  and  a  number  of  papers  have  been  published 
in  the  past  thirty  years  to  study  this  problem  [6-i3].  The 
high  field  required  for  rapid  switching  is  adequate  to 
cause  ionic  migration  in  ferroelectric  materials, 
particularly  in  thin-films  due  to  the  extremely  high 
applied  field  (>105V/cm).  Thus,  it  is  important  to 
investigate  the  interrelations  between  the  charged 
species  and  the  fatigue  properties  to  further  understand 
the  degradation  mechanism.  Due  to  the  lack  of  defect 
chemistry  information  and  the  difficulty  in  controling 
the  chemical  composition  in  Pb-based  systems,  BaTiOs 
was  used  as  a  standard  material  to  study  the  fatigue 
behavior  (the  defect  structure  and  transport  properties 
are  well  understood  in  BaTiOa).  For  comparison  of 
the  results,  fatigue  properties  of  undoped  and  donor- 
doped  PZT  thin-films  were  also  conducted  in  this 
study. 


The  compositions  of  undoped,  acceptor,  and  donor- 
doped  BaTiO?  ceramics  examined  in  this  study  are  as 
follows: 


BaTi03 

BaTio.999  Alo.ooi  O3 

BaTio.98Cao.02O3 

BaTi0.97Nb0.03O3 


A/B=0.995 

O.lmoF:  f  .M  in  Ti-site 
2mol‘7i  ■  ^'a  in  Ti-site 
3mol%  ol  Nb  in  Ti-site 


The  specimens  were  prepared  using  a  liquid  mix 
method  I'^i.  This  technique  has  been  shown  to  make 
homogeneous  specimens  with  highly  accurate  atomic 
ratios.  The  powders  were  pressed  into  pellets  and 
sintered  at  1400°C  for  2hrs  in  air  The  pellets  were 
ground  and  polished  to  a  thickness  of  1 50-250pm.  The 
finished  surfaces  were  ultrasonically  cleaned  and  heated 
on  a  hot  plate  for  lOmin  at  200°C.  Gold  electrodes 
were  evaporated  onto  the  surfaces  under  high  vacuum; 
and  to  improve  the  electrical  contact,  a  room 
temperature  drying  Ag  paste  was  also  applied  on  the 
top  of  the  Au  electrode. 

Ferroelectric  thin-films  of  Pb(Zro  5Tio.5)03  (PZT) 
and  Pb(Zro.5Tio.5)o.95Nbo.0503  (PNZT)  with  5mol% 
excess  Pb  were  prepared  by  a  sol-gel  method  I  >5],  Pb, 
Zr,  Ti,  and  Nb  precursors  were  prepared  separately  by 
distillation  of  Pb  acetate,  Zr  n-propoxide.  Ti  iso- 
propoxide  and  Nb  ethoxide  in  2-methoxyeihanol.  The 
stock  solutions  were  prepared  by  combining  the 
precursors  in  the  required  stoichiometric  ratio  and 
distilling  them  at  124'C.  The  stock  solutions  were 
hydrolyzed  using  2-methoxyethanol  solution  containing 
water  and  HNO3,  and  then  spin-cast  three  layers  on 
Ptfri/SiO2/Si(100)  substrates.  The  films  were  dried  at 
1 50°C  on  a  hot  plate  between  each  layer,  then  annealed 
at  300°C,  and  finally  crystallized  at  650°C  for  Ihr  in 
flowing  O2 . 


Microstructure  examinations  and  crystalline  phase 
identification  of  the  thin-films  were  conducted  by 
Scanning  Electron  Microscopy  (SEM),  Transmission 
Electron  Microscopy  (TEM),  and  X-Ray  Diffraction 
(XRD),  respectively. 


CH3080-()-7803-0465-9/92$3.00  ©IEEE 


in 


'Fop  electrodes  (  H)iiiil  tliaiiieter  oi  lOOx l()()pin2) 
were  evaporated  on  the  tiliii  surlaces  through  a  shadow 
mask.  P-F:  hysteresis  measurements  were  conducted 
using  a  modified  Sawyer  lower  Circuit  on  both 
BaTiO?  ceramics  ami  PZ 1  thin-films.  I'he  polarization 
degradation  study  was  conducted  by  cycling  the 
specimens  at  20~3l)KV/cm.  H)t)~HO()ll/  tor  BaTiOi 
ceramics  and  5--U)V  i21  S~4.30KV/cmi.  5UK~200KHz 
tor  thin-films,  followed  n\  measuring  lemaneni 
polarization  at  lOOFIz. 

Results  and  Discussion 

(1)  Bulls  BaTiOs  Ceramics 

In  the  acceptor  doped  IhiTiO^,  acceptor  ions 
represent  a  negative  charge,  and  the  charge 
compensation  is  achieveil  by  o.wgen  vacancies 
I'or  example: 

2BaO  +  AhO.i  - >  2BaHa  +  2AIt,  +  50o  +  Vq  " 

BaO  +  CaO  - >  Ban;,  +  Car,  +  20o  +  Vq  " 

Under  high  fields,  these  defects  or  defect  complexes 
can  migrate  during  the  switching  cycles.  Oxygen 
vacancies  are  the  most  mobile  ionic  defects  in  the 
perovskite  structure,  so  it  is  expected  that  acceptor 
doping  will  increase  the  degradation  during  the 
electrical  switching. 

In  donor  doped  materials,  donor  charges  are 
compensated  by  electron  or  cation  vacancies  H^l  (in  Pb- 
based  perovskite.  they  are  compensated  by  cation 
vacancies  only)  depending  on  the  doping  levels.  For 
example: 

2BaO  +  NbyOs - >2Baua  +  2Nbi,  +  60o  +I/2O2+  2e' 

(<t).5mol9f ) 

5BaO  -1-  2Nb205 - >  5Baua  -i-  4Nb'i,'  -r  Vxj””  +  150o 

(>0.5mol'/f ) 

For  ionic  compensation,  the  concentration  of  oxygen 
vacancies  is  strongly  reduced,  and  it  is  expected  that 
donor-doped  materials  v\ill  lia\'e  a  high  stability 
through  the  switching  cycles. 

The  acceptor  and  donor-doped  BaTi03  .show 
typical  "hard"  and  "soft"  ferroelectric  behavior  as 
observed  in  PZT  ceramics.  F'ig.l  shows  the  hysteresis 
loops  of  Ca-doped  and  Nh-doped  BaTiOi  before  and 
after  10^  ami  .3x10^  switching  cycles  at  30KV/cm 
electric  field.  Ca-doped  sample  shows  a  clear  fatigue 
characteristic.  The  remanent  polarization  drops  to 
3.37r  of  its  original  value  after  l(P<  switching  cycles. 
But  Nb-doped  specimen  shows  an  excellent  fatiguing 
resistance  up  to  .3x10^  switching  cycles.  The 
normalized  remanent  poiari/ation  as  a  function  of 
switching  cycles  is  shown  in  I-ig.2  for  a  variety  of 


doped  and  undoped  samples  .All  the  samples  are  cycled 
using  unipolar  stres.v  at  30KV7cm.  Different  materials 
show  a  significant  difference  in  the  fatigue  behavior 
Pure  BaTiO^  (A/B=().995,  naturally  acceptor  dofX'di 
shows  a  continuous  decrease  of  remanent  polarization 
through  the  entire  cycling  range,  but  the  total  degree  ot 
degradation  is  relatively  low  (up  to  3xl()s  cycles 
compared  with  all  acceptor  doped  materials).  For  Ca- 
doped  BaTiOr  (BaTiovisCaoo^O^.  heavily  acceptor 
doped),  the  remanent  polarization  falls  off 
catastrophically  after  2x1  Oti  cycles,  which  demonstrates 
a  strong  degradation  behavior  due  to  the  high 
concentration  of  oxygen  vacancies.  The  degradation 
behavior  of  0.1  mol  91  .A  1 -doped  Ba'FiO; 
(BaTio.999AloooiC).^-  slightly  acceptor  doped),  falls  m 
between  undoped  and  heavily  Ca-doped  samples.  Tlie 
donor-doped  sample.  with  3mol9t  Nb 
(BaTio.97Nbo.03O3,  heavily  donor-doped),  shows  a 
striking  improvement  in  stability,  with  almost  no 
degradation  out  to  lO^  cycles.  This  result  clearly 
demonstrates  that  oxygen  vacancies  play  an  important 
role  in  degradation. 


Ca-doped  Nb-doped 


Fig.l  Hysteresis  loops  of  Ca-doped  BaTiO^  before 
and  after  10*  and  5x10*  switching  cycles. 


Fig.2  Normalized  remanent  polarization  of  BaTiOi 
as  a  function  of  the  number  of  switching 
cycles,  switching  field  30KV/cm. 


It  i.s  not  clear  why  undoped  BaTiO?  (A/B=0.995) 
shows  an  early  stage  of  degradation  (see  Figure  2). 
There  are  two  possibilities  for  this  early  stage  fatigue; 
(liUndoped  BaTi03  contains  a  large  grain  structure 
and  defect  migration  may  be  easier  m  this  material. 
(2)The  large  amount  of  porosity  svithin  the  materials 
could  cause  a  nonuniform  distribution  of  the  electric 
field,  so  that  the  local  areas  may  degrade  in  the  early 
.stages. 


(2)  PZT  Thin-Films 

Fig..^  shows  the  XRD  patterns  of  sol-gel  derived 
PZT  and  PNZT  thin-films,  which  were  annealed  at 
650°C  for  1  hr.  Near-pure  perovskite  phase  was 
obtained  in  both  films.  SEM  micrographs  of  both  cross 
section  and  plane  views  of  PZT  thm-films  are  shown  in 
Fig. 4  (a.  b).  A  uniform  thickness  of  ~2300A  was 
obtained  from  0.4M  stock  solution  by  three  coating 
layers.  The  grain  size  is  approximately  O.ljim.  A 
small  amount  of  pyrochlore  phase  was  identified  by 
TEM  techniques  in  both  PZT  and  PNZT  thin-fil  ns  (see 
Fig. 5  (a,b)).  This  second  phase  is  in  the  form  of 
crystallized  agglomerates  with  a  particle  size  of  1(X)A. 
The  Nb-doped  film  contains  a  larger  amount  of 
pyrochlore  than  undoped  PZT.  which  indicates  that 
pyrochlore  formation  is  easier  in  Nb-doped  material. 


Ml  III  I 


20. C  30.0  40.0  50.0  60.0  70.0 


Fig. .3  X-ray  diffraction  patterns  of  PZT  and  PNZT 
thin-films. 


PZT 


Pt 


Fig.4  SEM  images  of  (a)  cross  section  and  (b)  plane 
view  of  PZT  thin-films. 


Fig. 5  TEM  micrographs  of  (a)  PZT  and  (b)  PNZT 
thin-films  annealed  at  (i50"C/lhr.  The 
pyrochlore  phase  is  indicated  by  the  arrows. 
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Fig.  6  shows  the  ferroeleeinc  hysteresis  loops  ot 
PZ'I'  thin-films  before  and  after  switching  cycles 
(bipolar  stress,  applied  voltage  lOV,  ~430KV/cm). 
After  3xl0><>  cycles,  the  field  induced  remanent 
polarization  dropped  from  13|aC/cm-  to  4.6(aC/cm-. 
Fig. 7  shows  the  remanent  polarization  and  coercive 
field  as  a  function  of  the  number  of  switching  cycles. 
Under  such  high  fields,  polarization  starts  to  degrade 
after  5x107  cycles.  With  increasing  sw  itching  cycles, 
the  remanent  polarization  decreases  continuously.  It 
was  also  observed  that  the  capacitance  of  the  film 
decayed  concurrently  with  the  polarization 
degradation.  The  normalized  remanent  polarization  of 
both  PZT  and  PNZT  thin-films  is  plotted  in  Fig. 8  as  a 
function  of  switching  cycles.  Nb-doped  PZT  films 
show  a  clear  improvement  in  fatigue  properties 
compared  with  undoped  PZT  (improved  by  an  order  of 
magnitude).  However,  the  enhanced  fatigue  properties 
in  donor-doped  PZT  films  are  much  less  than  in  bulk 
BaTiOy  ceramics. 


Fig.8  Normalized  remanent  polarization  ot  undoped 
and  Nb-doped  PZT  thin-films  as  a  function  ot 
switching  cycles 


A  possible  cause  of  this  phenomenon  is  the  lack  of 
accurate  chemistry  control  in  Pb-based  systems. 
During  high  temperature  annealing,  lead-loss  can  result 
in  the  formation  of  lead  and  oxygen  vacancies. 


PZT  650  C/1hr 


Fig. 6  Hysteresis  loops  of  PZT  thin-films  before  and 
after  3xl0'<>switching  cycles. 


Number  of  Cycles 


Fig.7  Remanent  polarization  and  coecive  field  of 
PZT  thin-films  as  a  function  of  .switching 
cycles. 


Pbpb  +  Oo - >  PbO  -I-  Vpb'  +  Vo 

Lead  and  oxygen  vacancies  can  combine  to  form  defect 
complexes  (Vpb'-Vo'  )  at  low  temperatures.  These 
defects  or  defect  complexes  (especially  the  unassociated 
oxygen  vacancies)  can  migrate  or  contribute  to  charge 
motion  under  high  field  which  causes  increased 
degradation. 

Another  reason  why  donor  doping  is  not  as 
effective  in  PZT  films  as  it  is  in  bulk  BaTiOs  is  due  to 
the  formation  of  a  second  phase.  A  small  amount  of 
pyrochlore  phase  was  observed  in  these  films  by  TEM 
techniques,  particularly  in  PNZT  thin-films.  The 
formation  of  pyrochlore  phase  may  a'ler  the 
stoichiometric  ratio  of  the  original  composition.  Nb  is 
likely  to  .segregate  within  the  pyrochlore  phase,  since 
lead  niobate  prefers  to  form  pyrochlore  structure 
instead  of  perovskite  structure.  If  some  of  the  Nb  is 
not  incorporated  into  the  perovskite  structure,  less  of  a 
doping  effect  is  expected. 

These  experiments  clearly  demonstrate  that  the 
defect  species  play  an  important  role  in  polarization 
degradation  for  both  bulk  BaTiO.?  ceramics  and  PZT 
thin-films.  The  possible  mechanism  of  polarization 
fatigue  is  the  electric  field  induced  migration  of  charge 
species,  especially  the  oxygen  vacancies.  One  possibility 
is  that  the  gradual  motion  of  charge  species  will  cause  a 
redistribution  of  these  defects  and  result  in  a  non- 
uniform  distribution  of  applied  field.  This  may  cause 
local  dielectric  breakdown  or  incomplete  switching. 
Another  possibility  is  that  the  charged  species  can 
interact  with  domain  walls  or  .spontaneous 
polarizations.  When  domains  form  through  the 
paraelectric-ferroelectric  transition,  they  try  to  align  to 
minimize  the  free  energy  of  the  system.  Under  the 
high  field,  the  migration  or  redistribution  of  charged 
species  occurs.  The  possible  segregation  of  charged 
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species  and  the  interaction  between  the  defects  and 
domain  walls  or  spontaneous  polarization  can  establish 
a  new  equilibrium  state  assisted  by  the  cycling  field. 
Due  to  this  pinning  effect,  domain  or  polarization 
switching  becomes  difficult.  In-situ  TKM  observation 
of  ferroelectric  domain  switching  is  m  progress,  and 
we  believe  that  the  detailed  studs  of  polarization 
reversal  and  the  domaiti  pinning  effects  would  be  very 
useful  to  further  understand  the  fatigue  mechanism  in 
ferroelectric  materials. 

Summary 

Donor-doped  BaTiOi  ceramics  show  a  significant 
improvement  in  polarization  fatigue  compared  with 
undoped  and  acceptor-doped  materials.  The  improved 
fatigue  behavior  is  also  observed  in  Nb-doped  PZT 
thin-films,  but  the  magnitude  is  smaller  thati  in  bulk 
BaTiOs,  Results  confirm  the  e.xpectation  that  oxygen 
vacancies  play  an  important  role  iti  polarization 
degradation.  The  possible  causes  of  degradation  are 
the  electric  field  induced  defect  migration  (panicularly 
the  oxygen  vacancies)  and  the  interactions  between 
charged  species  and  domain  walls  or  spontaneous 
polarization.  To  improve  the  long  term  stability  of 
ferroelectric  thin-films,  it  is  required  to  carefully 
consider  the  proce.ssing  conditions,  the  defect  chemistry 
and  the  doping  effects. 

*  This  research  was  supported  by  DARPA/ONR  and 
McDonnell  Douglas  Electronic  Systems  Co. 
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Abstract 

A  most  striking  anomaly  is  observed  in  the 
behavior  of  KT’N.  It  is  the  ’.nneai  ance  of  a  remnant 
polarisation  well  above  .  We  have  measured  hystere¬ 
sis  loops  at  different  frequencies  in  a  3%  KTN  crystal. 
The  shape  of  the  loop  changes  significantly  with 
frequency,  a  behavior  that  is  due  to  the  slow  relaxa¬ 
tion  of  randomly  distributed  off-center  Nb  ions  inter¬ 
acting  in  clusters.  We  have  developed  a  model  of  this 
relaxation  and  can  calculate  the  hysteresis  loops  which 
are  in  good  agreement  with  experiment. 

Introduction 

The  appearance  of  a  spontaneous  or  remnant  polar¬ 
ization  usually  marks  the  onset  of  ferroelectricity . 

It  is  in  fact  the  very  existence  of  a  switchable  polar¬ 
ization  that  is  used  to  define  ferroelectricity. 
Recently  it  has  been  shown  that  mixed  ferroelectrics 
can  present  very  anomalous  features  such  as  a  remnant 

polarization  above  the  transition  temperature,  ^ 

This  result  comes  from  the  observation  of  hysteresis 

loops  in  KTa,  Nb  0_  (KTN)  above  T  . 

1-x  X  3  c 

2 

In  KTN,  the  Nb  ions  have  been  shown,  by  EXAFS,  to 
reside  in  one  of  eight  (111)  off-center  positions.  At 
high  temperature,  they  can  presumably  jump  between 
their  8  equivalent  positions.  The  appearance  of  a 
polarization  must  then  correspond  to  the  preferential 
occupation  of  4  of  these  8  positions.  Above  the  tran¬ 
sition,  this  can  only  come  about  because  of  the  exis¬ 
tence  of  metastable  states,  as  it  is  the  case  near  a 
first-order  transition.  In  KTN,  however,  a  remnant 
polarization  has  been  observed  as  far  as  25K  above  the 
transition,  revealing  strongly  enhanced  slow  relaxation 
effects.  In  the  present  article,  we  have  investigated 
these  effects  by  studying  the  frequency  dependence  of 
the  hysteresis  loops  and  of  the  remnant  polarization. 

We  have  also  developed  a  theory  which  shows  this  polar¬ 
ization  to  be  related  to  the  slow  relaxation  of  random¬ 
ly  distributed  off-center  ions  ii,teracting  in  clusters. 

Experimental  Results 

The  polarization  measurements  have  been  made  using 
a  modified  version  of  the  Sawyer-Tower  circuit.  In 
particular,  a  variable  resistor  (SO-lOOkfl)  was  added 
in  parallel  with  the  reference  capacitor  (5uF)  in  order 
to  avoid  the  building  of  excess  charge  on  the  reference 
capacitor  due  to  conduction  in  the  sample.  Acquisition 
of  hysteresis  loops  was  done  using  a  LeCroy  digital 
oscilloscope  from  which  the  data  was  transferred  to  the 
computer.  The  maximum  field  applied  was  2kV/cm.  The 
measurements  reported  below  were  obtained  on  a  3%  Nb 
sample  with  dimensions  1  x  0.7  x  0.08  cm,  coated  with 
evaporated  AS,  electrodes. 

Two  hysteresis  loops  are  presented  in  Fig.  1.  The 
narrow  one  was  obtained  at  lOHz  and  the  wider  one  at 
2  kHz,  both  at  T  =  69.8K,  i.e.  clearly  above  the  tran¬ 
sition  at  T^  =  64K.  Besides  the  decrease  in  the  loop 

size  or  remnant  polarization,  we  also  note  an  increase 
in  the  maximum  polarization  with  decreasing  frequency. 
These  two  characteristic  features  are  indeed  predicted 
by  the  theory  below  and  can  also  be  given  a  rather 
simple  physical  explanation. 


KTN  3% 


Applied  Electric  Field  (V/cm) 


Fig.  1.  Experimental  hysteresis  loops  measured  at 

••*,  lOHz  and,  — 2kHz,  with  £  =2kV7cm  at 

max 

T=69.8K,  on  KTN  3%  Nb  (T^=64K) 

3 

In  a  previous  publication,  we  have^clearly 
shown  that  polar  microregions,  20  to  100  A  in  size, 
form  significantly  above  T^.  The  formation  of  these 

regions,  or  clusters,  is  due  to  the  strong  interaction 
that  exists  between  closely  spaced  dipoles,  mediated 
by  the  highly  polarizable  lattice.  The  frequency 
dependence  of  the  shape  of  the  loop  suggests,  as  T^  is 

approached  from  above,  a  slowing  down  of  the  relaxation 
of  nearby  dipoles  forming  a  cluster,  due  to  the 
presence  of  other  clusters. 

Theoretical  Model 


We  have  considered  here  the  smallest  possible 
cluster,  i.e.  a  pair  of  dipoles.  The  interaction 
between  pairs  is  treated  in  the  framework  of  a  random 
molecular  field  theory  developed  earlier  bv  one  of 
4 

us.  Such  an  approach  is  a  generalization  of  the  well- 
known  Bethe-Peierls  cluster  theory  to  systems  with 
configurational  disorder. 

In  order  to  simplify  the  approach,  we  consider 
an  Ising  system  or  one  in  which  the  dipoles  can  only 
have  two  orientations.  The  Hamiltonian  of  a  pair  of 
dipoles  can  then  be  written  in  the  form: 

H  =  -  K^2'^i'^2 

where  Kj2  =  K(rj2)  is  the  interaction  energy  between 
the  two  dipoles  separated  by  a  distance  rj2 

J.  =  is  the  unit  vector  along  the  direction  of 

* 

the  dipcle  on  site  i,  d  being  the  effective  dipole 
moment  in  the  highly  polarizable  lattice.  The  energy 
levels  of  a  pair  are  presented  in  Fig.  2  below. 
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U  =  2K, 


1^^ 

a> 


with  Lj2(t)  =  ;dU$(U)/d£.^j.f[E.^j_+E(t),L(t)]<llj2>£‘‘  ^ 

^int ' 


Fig.  2.  Energy  levels  of  a  dipole  pair  (cluster) 
|a>  =  |++>,  |b>  =  I— >,  lc>  =  !+->,  |d>  = 


It'  we  assume  that  the  Hamiltonian  describing  the  dipole 
lattice  interaction  can  be  written  as  a  sura  of  one- 
particle  Hamiltonians,  then,  the  relaxation  or  flip  of 
two  dipoles  (clusters)  cannot  be  the  result  of  a  single 
process;  it  must  involve  successive  flips  of  each 
dipole  as  shown  by  the  arrows  in  Fig.  2.  The  transi¬ 
tion  probabilities,  W,  for  the  relaxation  of  a  cluster 
of  two  dipoles  can  then  be  written: 

.  ,,  -U/T 


=  W.  =  W.  , 
be  bd 


=  W  e 
o 


and  the  distribution  function  of  internal 

molecular  fields, 

Q(t)  =  /dU$(U)exp(-2W^te'‘^'^^)  (9) 

<t(U)  =  /d?6IU-2Kj2{r)lexp(-  ^  nr^)  (10) 

Eq .  (7)  is  the  self-consistent  integral  equation 
for  the  polarization  induced  by  an  external  field  E(t). 
As  can  be  seen,  the  solution  of  this  equation  depends 
on  the  magnitude  as  well  as  on  the  frequency  of  the 
external  field,  and  on  temperature.  We  have  solved 
Eq.  (7)  numerically  above  the  transition  temperature 
and  have  also  found  that  the  numerical  results  can  be 
approximated  reasonably  well  by  a  3-parameter  function: 


The  relaxation  law  for  the  average  dipole  moment  of  a 
pair  can  then  be  obtained  from  the  kinetic  balance 
equations  for  the  population,  P,  of  the  energy  levels: 


2  W  P  +  W  (P  +  P.) 
ac  a  ca  c  d 


"b  =  -  2  W  P,  +  W  (P  +  P.) 
— •  ac  b  ca  c  d 


with  P  +  P,  +  P  +  P ,  =  1  and  P  =  P , 
abed  c  d 

From  (3),  we  get: 

-II/T 

4  ^^12^U  °  ®  ^^12^U  (4) 

cit 

with  <ilj2>u  =  ^Pa  '  '’b^ 

In  order  to  take  into  account  the  interaction  of  a 
given  dipole  pair  with  other  dipole  pairs  and  with  the 
external  field,  we  make  the  commonly  used  assumption 
that  the  average  value  of  the  dipole  moment  approaches 
its  quasiequilibrium  value  for  a  given  internal 

and  external  E  field.  The  relaxation  of  tan  then 

be  described  bv: 


4,,  '^’'12 'e.  ,,L' 

dt  int 


-  2  W  e 

0 


^i2^E.  ,(J  12  E 

3  nt 


^  +E.Ilj 
int  -• 


where 


12  E.  ,,U 
j  nt 


Tril^2exp[-  j(.2^\2  ^^int'^12^^ 

Tr  exp  [-l(fi^t,^2Eint^2)l 


We  now  need  to  average  Eq .  (5)  over  the  internal  field 
distribution  and  over  the  distribution  of  potential 
barriers  U.  To  do  so,  we  rewrite  it  in  the  integral 
form  and  consider  only  the  steady  state  regime  in  the 
oscillating  external  field,  E  =  E  cos  (nt .  We  thus 

obtain  an  equation  for  the  average  dipole  moment  L(t) 
(or  equivalently  for  the  field  induced  polarization, 

P  =  nd\  )^: 


L(t)  =  A  tanh  [  a  cos  cot  +  b  sin  ojt  ]  (11) 

in  which  the  parameters  A,  a  and  b  depend  on  E  ,  co/W  , 

,  MF  MF  o  o 

T  and  the  ratio  T  /T  where  T  is  the  transition 
c  c  c 

temperature  predicted  by  mean  field  theory.  The  value 
MF 

of  T^  is  of  the  order  of  the  average  value  of  the 
potential  barrier  11.  For  that  reason,  the  smaller  the 
ratio  T^/T^^,  the  more  pronounced  will  the  freezing 

effects  be  and  the  larger  the  hysteresis  loop.  As  can 
be  seen  from  Eq.  (11),  the  width  of  the  hysteresis  loop 
is  proportional  to  Ab  while  Aa  determines  the  maximum 
value  of  the  polarization.  Calculated  hysteresis  loops 
are  shown  in  Fig.  3  for  two  different  freouencies  in 
the  ratio  of  1/100.  Comparing  Figs.  1  and  3,  we  find 
qualitative  agreement  between  the  experimental  and 
the  theoretical  results.  For  the  lower  frequency  the 
area  inside  the  loop,  and  the  remnant  polarization,  is 
smaller  than  for  high  frequency.  In  contrast,  the 
maximum  polarization  is  greater  for  the  lower 
f  requency . 


L(t)  =  -;odt'^ 


I.j2(t-t') 


•* 

Fig.  3.  Calculated  hysteresis  loops,  plot  of  I.  =  P/nd 

vs  E  /T  for  two  frequencies  normalized  by 
o  c 

the  spontaneous  transition  rate,  W^. 
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These  two  teatuios  can  in  fact  be  understood 
rather  intuitively.  At  a  lower  frequency,  O),  of  the 
external  field,  the  dipole  system  has  more  time  to 
respond  and,  for  a  given  distribution  function  of  the 
relaxation  times,  a  greater  fraction  of  the  dipole 
pairs  are  able  to  contribute  to  the  maximum  polariza¬ 
tion.  Conversely,  upon  removing  the  field,  more  of 
them  have  time  to  relax  to  their  random  state  giving 
a  smaller  remnant  polarization.  One  slight  discrepancy 
can  be  noticed  between  the  calculated  and  experimental 
hysteresis  loops.  The  latter  do  not  approach  a  zero 
slope  at  high  field.  This  is  due  to  the  existence  of 
an  intrinsic  dielectric  constant,  different  from  1, 
in  the  high  polarization  state.  .Such  a  dielectric 
contribution  was  not  included  in  the  calculated  loops 
which  only  contain  the  dipole  contribution. 


Conclusion 


The  present  polarization  results  show  that,  in 
KTN,  the  strong  interaction  that  exists  between  pairs 
or  clusters  of  closely  spaced  dipoles  is  responsible 
for  long  time  relaxation  effects.  These  effects 
include  the  observation  of  hysteresis  loops  or  a 
remnant  polarization  above  T  and,  as  we  shall  show 
in  a  forthcoming  publication,  dielectric  dispersion. 
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SPONTANEOUS  POLARIZATION  IN  THE  DEUTERATED  AND  UNDEUTCRATED 
PROTON  GLASS  Rb,.,(NH^)^^sO^ 


Nicholas  J.  Pinto  and  V.  Hugo  Schmidt 
Department  of  Physics,  Montana  State  University,  Bozeman,  Montana  5971 7 


Sptintaneous  polarization  of  mixed  single  crystals  of 
Rubidium  Ammonium  Dihydrogen  Arsenate  (RADA)  and  its 
deuterated  counterpart  (DRADA)  are  presented  together  with 
the  pure  ferroelectric  Rubidium  Dihydrogen  Arsenate  (RDA) 
and  its  deuterated  counterpart  (DRDA).  There  is  a  sharp  rise 
in  the  spontaneous  polarization  at  the  ferroelectric  transition 
temperature  for  the  pure  crystals  as  this  transition  is  first 

order.  The  change  in  the  spontaneous  polarization  in  the  mixed 
(x=0.08)  crystals  below  T^.  is  gradual  however,  indicating  the 

presence  of  acid  hydrogens  and  ammonium  cations  that  are  still 
mobile  and  in  the  paraelectric  phase.  These  mixed  crystals 
show  coexistence  of  paraelectric/proton  glass  and  ferroelectric 
order  below  the  glass  "transition"  temperature  T^.  The 

maximum  values  of  the  spontaneous  polarization  in  the 
deuterated  samples  are  greater  than  in  the  undeuterated 
samples.  Also,  the  maximum  value  of  the  spontaneous 
polarization  in  the  mixed  crystals  below  T^  at  the  lowest 

temperatures  reported  is  found  to  be  slightly  lower  than  the 
corresponding  value  in  the  pure  crystals. 

Proton  glass  behavior  was  discovered  by  Courtens'  in 

1982  in  a  mixture  of  RbHiPO^  (RDP)  and  (NH4)H2POj 
(ADP).  Here  RDP  is  a  pure  ferroelectric  and  ADP  is  a  pure 
antiferroelectric.  In  a  mixture  of  the  form  (RDP),., (ADP),. 

(RADP),  for  a  certain  range  of  x  values,  proton  glass  behavior 
appears  below  the  "freezing"  temperature  T^  due  to  frustration 

between  ferroelectric  and  antiferroelectric  ordering.  In  this 
range  the  system  makes  a  smooth  transition  to  the  glass  regime 
from  the  paraelectric  regime  as  temperature  is  reduced  below 
the  glass  "transition"  temperature.  If  a  spontaneous  polarization 
were  present  in  these  mixed  cry.stals  it  could  be  measured  by 

conventional  means  like  a  Sawyer-Tower'  circuit,  and  its  value 
would  depend  on  the  amount  of  ferroelectric  material  present. 
For  pure  proton  glasses  the  equilibrium  spontaneous 
polarization  is  zero.  In  such  crystals  a  quasi-equilibrium 

polarization  can  be  generated  by  field-cooling^  ■*  the  sample 
down  into  the  nonergodic  region. 

The  crystal  structure  of  these  mixed  systems  is  of  the 
KH2PO4  (KDP)  type.  A  variety  of  mixed  systems  of  the  KDP 

type  can  be  prepared  by  substituting  Rb  for  K  and  As  for  P.  In 
addition,  these  systems  can  be  deuterated  by  growing  the 
crystals  from  deuterated  materials.  In  this  work  we  have 
substituted  As  for  P,  thereby  obtaining  Rb,.,(NH4),H;As04 

(RADA)  mixed  crystals.  While  the  spontaneous  polarization  in 

pure  ferroelectrics  of  the  KDP  type  has  been  studied,”  few 

experiments'® ‘‘  have  been  performed  on  spontaneous 

polarization  in  mixed  crystals.  Dielectric  measurements'^  in 
mixed  RADA  crystals  for  0.04<x<0.10  show  coexistence  of 
paraelectric/proton  glass  and  ferroelectric  order  below  the 
ferroelectric  transition  temperature.  In  this  paper  we  extend 


previous  results'''  on  spontaneous  (xtlarization  of  RADA  and 
its  deuterated  counterpart  and  compare  them  to  RDA  and 
DRDA.  Spontaneous  polarization  has  also  been  calculated 
from  the  dielectric  measurements  along  the  a  axis  of  mixed 
crystals  and  compared  to  that  obtained  from  saturated 
hysteresis  loops. 

Mixed  crystals  were  obtained  by  slow  evaporation  of 
aqueous  solutions  of  RbH2As04  (RDA)  and  (NH4)H2As04 

(ADA)  mixed  in  the  proper  molar  ratios.  The  deuterated 
crystals  were  grown  under  an  atmosphere  of  argon  to  maintain 
a  high  percentage  of  deuteration.  The  ferroelectric  transition 
temperature  T,  depends  on  the  percent  of  deuteration  in  the 

crystal.  The  x  values  in  the  mixed  crystals  are  determined  from 
our  measured  T,’s  with  the  aid  of  phase  diagrams  published  for 

deuterated''’  and  undeuterated"*  RADA.  Small  platelets 
perpendicular  to  the  c  tetragonal  axis  were  cut  from  single 
crystals.  Silver  electrodes  were  evaporated  in  vacuum  after 
polishing  the  surfaces  to  ensure  that  the  faces  were  parallel. 
Polarization  measurements  were  obtained  from  saturated 
dielectric  hysteresis  loops  using  the  Sawyer-Tower  circuit  with 
a  60  Hz  voltage  source. 


4  ' 


T  (K) 


Figure  1  Spontaneous  polarization  obtained  from  saturated 
hysteresis  loops  in  RDA  (x=0;  •)  and  RADA  (x=0.08;  4)  as  a 
function  of  temperature.  The  open  diamond  symbol  represents 
spontaneous  polarization  obtained  from  Eq.  (3)  and  Fig.  3  for 
RADA  x=0.08. 

Figure  1  shows  the  spontaneous  polarization  of  the 
undeuterated  RADA  sample.  The  ferroelectric  transition  for 

x=0  is  first  order®  '’  and  the  transition  temperature  T,  is  found 

to  be  1 10  K.  This  is  evidenced  by  the  sharp  rise  in  spontaneous 
polarization  at  T,.  The  spontaneous  polarization  reaches  a 

value  of  (3.6±0.5)  /rCcm '  at  temperatures  far  below  T^.  The 

large  error  bars  in  the  spontaneous  polarization  results  from 
the  uncertainty  in  computing  the  surface  area  of  the  sample 
due  to  its  small  size.  Within  the  limits  of  our  experimental 
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Table  1:  Tabulated  values  ot  ft  and  y  defined  in  Eq.  (1)  for  RDA  and  DRDA  together  with  fitting 
parameters  defined  in  the  text. 


AP. 

mC -cm  ^ 


Cg1i 


-20x10’' 

-6.9x10" 

-16.7x10'“ 

-9.4x10’“ 


4.4x10' 


15.4x10' 


3.8x10' 


Ref. 

Sample 

C(K) 

8 

RDA 

- 

9 

RDA 

3100 

This  work 

RDA 

22iK) 

This  work 

DRDA 

35(K) 

error  this  value  agrees  with  that  reported  by  Kamysheva  et  at.’ 

who  have  obtained  a  maximum  value  of  (4.2±0.2)  >iCcm'^  from 
specific  heat  measurements. 

From  the  expression  of  the  free  energy  (G)  as  a 
function  of  polarization  (P): 

G{P,T)  =  GJT)  * -P^  * -P*  *  IP^  * ...  (1) 

2  4  6 


600  t  T  r  ,  ,  ,  -  ,  ,  .  r  '  '  ' 


T  (K) 


Figure  2:  Real  part  of  the  dielectric  permittivity  at  1 

kHz  as  a  function  of  temperature  along  the  c  axis,  (o)  for  RDA 

and  (a)  for  DRDA.  Solid  line  represents  a  fit  to  the  Curie- 
Weiss  law  of  Eq.  (2). 


where  a  =  ao(T-T„)  =  47r(T-T„)/C,  C  is  the  Curie-Weiss 
constant  and  Tg  is  the  Curie-Weiss  temperature,  we  have 
calculated  the  thermodynamic  coefficients  ft  and  y  for  the  pure 
crystals.  In  Fig.  2  we  show  the  dielectric  constant  as  a  function 
of  temperature  measured  along  the  c  axis  at  1  kHz  and  very 
low  applied  electric  field  (10  V/cm)  for  the  pure  crystals.  The 
solid  line  is  a  fit  to  the  Curie-Weiss  law: 

e,'-6^=C/(T-T„)  (2) 

This  fit  gives  a  value  of  C=2200+20  K  and  T„=104  K  for 

RDA;  we  have  assumed  a  value  of  10  for  the  "infinite 
frequency"  dielectric  response  Using  this  value  for  C  we 

calculate  6=-16.7xl0  '“  c.g.s.  and  y  =  15.4x10'"’  c.g.s.  from  the 

expression  (AP5)^=-36/4y  and  (APs)^=-4a/6  where  AP5=3.0 


fiCcm  ^  is  the  jump  in  the  spontaneous  piolarization  at  T^.  It 

must  be  pointed  out  that  Eq.  1  truncated  at  the  P*  term  cannot 

be  expected  to  fit  such  a  big  P^  [APj«P,(0  K)J  very  well.  Table 

1  shows  the  corresponding  values  obtained  from  saturated 

hysteresis  loops*  and  from  specific  heat  measurements’.  The 
difference  in  our  values  arises  from  the  low  Tg  and  C  values 

obtained  from  fitting  Eq.  2  to  Fig.  2. 

The  spontaneous  polarization  for  x=0.08  RADA  is  also 
shown  in  Fig.  1,  and  can  be  compared  to  that  for  the  pure 
ferroelectric.  The  spontaneous  piolarization  rises  gradually  in 
this  case  due  to  the  presence  of  the  ammonium  cation  centers, 
many  of  which  are  still  in  the  paraelectric  phase  for  some 
temperature  range  below  T^.  However,  at  temperatures  below 

55  K  the  applied  electric  field  needed  to  obtain  saturated 
hysteresis  loops  exceeds  the  dielectric  breakdown  field  of  the 
sample,  hence  saturation  polarization  could  not  be  computed 
below  this  temperature.  The  value  of  the  spontaneous 
polarization  measured  at  the  lowest  temperature  reported  is 

(3.0+0.5)  uCcm'^.  We  note  that  this  value  of  the  saturation 
polarization  is  less  than  that  for  the  pure  sample.  We  also 
performed  dielectric  measurements  along  the  a  axis  for  the 
same  mixed  crystal  to  verify  the  variation  in  spontaneous 
polarization  obtained  from  hysteresis  loops  as  a  function  of 
temperature  below  T^.  The  glass  transition  is  not  seen  in  this 

sample  at  the  temperatures  covered  in  this  experiment  but  is 

seen  at  lower  temperatures.'^  The  spontaneous  ptrlarization  in 
this  case  can  be  obtained  from: 


where  is  the  spontaneous  polarization  obtained  from  the 

dielectric  data,  P„  is  the  maximum  spontaneous  polarization  of 

the  pure  crystal  well  below  T^,  and  e, '  and  Cj'  are  defined  in 

Fig.  3.  Here  €2'  represents  the  contribution  to  the  dielectric 

constant  from  the  paraelectric  portion  of  the  x=0.08  sample 

and  (ei'  +  e2')  would  represent  the  contribution  to  the 

dielectric  constant  from  the  same  sample  in  the  absence  of  the 
ferroelectric  phase  transition.  Dielectric  data  for  RADA  x=0.4 
has  been  included  to  help  extrapolate  qualitatively  the  Curie- 
Weiss  behavior  in  the  x=0.08  crystal  to  temperatures  below  T^. 
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Figure  3:  Real  part  of  the  dielectric  permittivity  e^'  for  the 

undeuterated  mixed  crystals  at  1  kHz  as  a  function  of 
temperature  along  the  a  axis,  e,'  is  assumed  to  be  10. 

In  Fig.  1  we  show  the  variation  in  as  a  function  of 
temperature  below  T^,  and  compare  it  to  that  obtained  for  the 
same  sample  from  saturated  hysteresis  loops.  The  agreement 
is  good  within  the  limits  of  experimental  error.  Here  we  have 

used  P5„=3.6  /iCcm  ^  from  Fig.  1. 

In  the  case  of  mbted  RADP  samples,  however,  the 
spontaneous  polarization  is  found  to  approach  the  value  of  the 

pure  ferroelectric  RDP"  at  low  temperatures.  It  must  be 
pointed  out  that  coexistence  of  ferroelectric/proton  g'  sss  phase 
has  not  been  reported  in  RADP  mixed  crystals  below  the 
ferroelectric  transition  temperature. 


T  (K) 


Figure  4;  Spontaneous  polarization  obtained  from  saturated 
hysteresis  loops  in  DRDA  (x=0;  •)  and  DRADA  (x=0.08;  a) 
as  a  function  of  temperature.  The  open  diamond  symbol 
represents  spontaneous  polarization  obtained  from  Eq.  (3)  and 
Fig.  5  for  DRADA  x=().08. 

Fig.  4  shows  the  spontaneous  polarization  in  the  case  of 
the  deuterated  samples.  Here,  deuteration  effects  raise  the 
transition  temperatures  and  the  values  of  the  spontaneous 
polarization  as  compared  to  the  undeuterated  counterpart. 

Similar  effects  of  deuteration  are  seen  in  the  phosphates.’’  *’ The 
transition  in  the  pure  sample  is  sharp  when  compared  to  the 
mixed  sample.  The  value  of  the  spontaneous  polarization  below 

T^  for  the  pure  .sample  is  (4.7±().2)  /jCcm  ^  The  variation  in  the 


spontaneous  polarization  in  the  x=0.()8  sample  is  gradual  as  in 
the  case  of  the  undeuterated  sample  and  approaches  a  value 

of  (4.2±0.2)  /iCcm  ^  at  the  lowest  temperatures  measured.  From 
Fig.  2,  the  Curie- Weiss  fit  for  DRDA  yields  C=3500±50  K  and 
To=156  K.  Tj  for  DRDA  is  found  to  be  168  K.  This  increase 

of  about  1000  K  for  the  Curie-Weiss  constant  in  the  deuterated 

sample  is  consistent  with  that  observed  in  KDP*  and  RDP’ 
upon  deuteration.  Using  this  value  for  C  we  obtain  for  DRDA, 

6=-9.4xl0  c.g.s.  and  y=3.8x10  c.g.s.  where  we  have  used 

AP5=4.5  uCcm^  as  the  jump  in  the  spontaneous  polarization  at 

T^..  These  values  are  tabulated  in  Table  1.  We  have  calculated 

Pjj  for  the  deuterated  case  from  Fig.  5  and  Eq.  3  by  a  methtxl 

analogous  to  that  used  to  calculate  the  spontaneous 
polarization  from  the  dielectric  data  in  the  undeuterated 

crystals.  From  Fig.  4  we  have  used  Pso={4.7  #jCcm  ‘.  In  Fig.  5 

the  glass  transition  for  the  x=0.08  crystal  is  seen  around  43  K 
where  the  dielectric  constant  begins  dropping  faster  with 
decreasing  temp>erature.  Here  too,  dielectric  data  for  x=0.28 
have  been  included  to  help  extrapolate  the  Curie-Weiss 
behavior  of  the  x=0.08  crystal  below  T,,.  The  result  is  plotted 

in  Fig.  4  and  can  be  compared  to  that  obtained  for  the  same 
sample  from  saturated  hysteresis  loops. 


Figure  5;  Real  part  of  the  dielectric  permittivity  e,'  for  the 
deuterated  mixed  crystals  at  1  kHz  as  a  function  of 
temperature  along  the  a  axis.  e„'  is  assumed  to  be  10. 


In  Fig.  4  we  notice  a  drop  in  the  spontaneous 
polarization  for  the  pure  sample  below  153  K.  This  effect  was 
seen  in  two  separate  samples.  Below  120  K  the  hysteresis  loops 
could  not  be  saturated  because  the  necessary  electric  field 
would  exceed  the  dielectric  breakdown  field  of  the  crystal. 
However,  saturated  loops  appeared  above  120  K  with 
increasing  polarization  as  temperature  was  increased.  This 
effect  could  indicate  pinning  of  ferroelectric  domains  due  to 
crystal  defects  or  impurities  at  lower  temperatures,  thus  giving 
a  reduced  value  of  spontaneous  polarization.  Further 
investigation  of  this  effect  is  planned. 

The  experimental  results  show  that  deuteration  increases 
the  maximum  value  of  the  spontaneous  polarization  in  the  pure 
crystals.  Also,  the  maximum  value  of  the  spontaneous 
polarization  in  the  mixed  crystals  is  lower  than  that  of  the  pure 
cr^'stal.  This  indicates  that  at  the  lowest  temperatures  recorded 
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there  are  still  paraelectric  clusters  intimately  interlocked  with 

the  ferroelectric  clusters.  This  type  of  coexistence  is  also  seen*^ 
down  to  5  K  from  dielectric  permittivity  in  these  RADA  mixed 
crystals.  The  gradual  increase  in  spontaneous  polarization 
below  T^,  in  the  mixed  crystals  follows  the  gradual  decrease  in 

the  dielectric  constant  of  the  corresponding  crystals  below  T^,. 
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ABSTRACT 

Structural,  ferroelectric,  pyroelectric  and  dielectric 
relaxation  properties  of  ceramics  with  composition 
Ba(Li2j^Al2  2x^®4  investigated.  XRD 

patterns  show  a  lattice  close  to  that  of  BaAl204.  The 
parameters  increase  with  rising  x  up  to  x=0. 1  and  then  remain 
constant.  The  Curie  temperature  T^  decreases  regularly  from 
T^=396K(x=0)  down  to  Tj^  =  324K(x=0. 1)  and  then  increases 
again  with  x  up  to  T^=460K(x=0.3).  The  values  of  the 

.2 

spontaneous  polarization  P^  are  in  the  range  1-22  nC.cm  .  The 
solid  solutions  seem  to  be  of  weak  ferroelectric  type  with  a 

maximum  of  P  around  200K  and  low  values  of  c’,  the 
s  r 

pyroelectric  coefficient  p  and  P^.  A  dielectric  relaxation  is 
detected  for  Ba(LiQ  4AI  j  2^0  8  ^  relaxation 

frequency  from  10^  to  lO^Hz  between  300  and  520K.  A  model 
accounting  for  weak  ferroelectricity  is  proposed. 

Single  crystals  of  composition  BaLi2jjAl2_2x04.4x^4x 
(0.15axa0.3)  have  been  prepared  by  Dunne  and  Stemple  and  the 
XRD  patterns  are  very  close  to  that  of  hexagonal  BaAl204[l). 
The  crystals  have  been  claimed  to  be  ferroelectric  with  a 
Curie  point  T^=400-426K.  Hysteresis  loop  has  been  observed  for 
a  crystal  with  composition  x=0.2  at  300K  and  the  spontaneous 
polarizations  P^  for  the  solid  solutions  are  in  the  range  80- 

140  nC.cm  .  However,  the  experimental  error  reported  on 
was  about  100%  and  that  for  P^  about  30%.  The  Curie 
temperature  T^  seems  not  to  be  related  to  the  composition.  No 
further  investigation  for  the  compound  has  been  repiorted 
since  this  first  study. 

The  purpose  of  the  present  work  is  to  determine  the 
composition  limits  of  the  solid  solution  domain  and  to 
investigate  the  dielectric,  pyroelectric  and  relaxation 
properties  of  the  corresponding  ceramics.  A  model  for 
explaining  the  ferroelectricity  in  the  materials  is  suggested. 

2.EXPERIMENT 

BaAl204  powder  is  first  prepared  by  firing  in  air  at 
1573K  for  30h  a  stoichiometric  mixture  of  BaCO^  (Merck  99%) 
and  A1(0H)3  (Prolabo  99.0%): 

2BaC03  -t-  4A1(0H)3  ^  2BaAl204  +  6H2O  -I-  2CO2 


The  XRD  patterns  may  be  indexed  with  the  hexagonal  unit  cell 
parameters  a=10.449(l)A  and  c=8.793(l)A,  The  solid  solution 
ceramics  were  then  synthesized  by  solid  state  reaction; 

(l-x)BaAl204-(-x(BaF2+2LiF)  ->  Ba(Li2j^Al2.2x)04-4x*^4x 
The  starting  materials  BaF-,(Merck  99.0%).  LiF(Merck  99.0%)  and 
previously  prepared  BaAl204  were  ground  and  then  pressed  with 
an  uniaxial  pressure  of  390MPa.  The  pellets  obtained  (8mm  in 
diameter  and  about  2mm  thickness)  have  been  sintered  in 
platinum  sealed  tubes  under  oxygen  atmosphere  at  1613-1773K 
for  2h.  The  XRD  patterns  of  the  ceramics  showed  that  solid 
solutions  appear  between  x=0  and  0.3. 

3. RESULTS  AND  DISCUSSION 
3.1.X-rav  diffraction  and  microstructure 

The  XRD  patterns  of  the  ceramic  surface  and  ground 
ceramic  powders  were  recorded  at  room  temperature  by  0.02“ 
step  counting  and  a  time  counting  of  12  seconds.  The  solid 
solutions  crystallize  with  hexagonal  symmetry.  The  piarameters 
determined  by  a  least-square  method  are  reported  in  Fig.l. 
The  variation  of  a  and  c  for  ceramic  surface  differ  from  that 


Fig.l  Variation  of  the  lattice  parameters  a,c  and  unit  cell 

volume  V  with  x. 

of  powders  of  the  bulk.  This  phenomenon  results  probably 
either  from  stresses  developed  within  the  grains  or  from  the 
deformation  of  the  grains  during  sintering,  it  had  been 
previously  observed  by  Ye  and  al.[2]  in  ceramics  of  LiTa03- 
type. 

For  a  ground  ceramic  powder  the  lattice  piarameter  a 
rises  first  with  substitution  rate  x  up  to  0.1,  and  then 
remains  constant.  The  c-piarameter  increases  slowly  with  rising 
X  in  the  whole  homogeneity  range.  The  unit  cell  volrme  V 
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increases  between  x=0  and  0.1  and  becomes  then  practically 
constant  for  x>0. 1.  The  substitution  of  Li^(r  i-(lV)=0.59A) 

Lt 

T  4- 

for  Ar  (r^^3t(IV)=  0.39A)  involves  a  unit  cell  dilatation  for 

OsxsO.  1.  For  x>0. 1  we  can  only  suppose  that  the  increase  of 

the  F/O  ratio  gives  a  tendency  to  an  ordering  of  F  around  Li^ 
2-  3  + 

and  O  around  A1  .  Slight  tnodifications  in  the  structure  can 
then  occur  and  allow  a  constant  value  for  cell  volume. 

The  solid  solution  is  isostructural  with  BaAl20^ 
related  to  the  0-tridymite[3].  The  [AIO^]  tetrahedra  are 
linked  by  comers  to  form  layers  perpendicular  to  the  c-axis. 
The  layers  are  connected  to  build  up  a  three-dimensional 
framework.  The  asymmetric  unit  encloses  three 
crystallographically  independent  cavities.  These  cavities  are 
filled  by  the  large  9-coordinated  Ba  atoms.  We  have  drawed 
BaAl20^  lattice  by  the  computer  program  "STRUPLO  84"[4J  using 
Hdrkner's  data(3].  Fig. 2  shows  the  projections  along  (0001) 
and  (lOlO).  After  coupled  substitution  of  Li  for  A1  and  F  for 
O,  Li  atoms  occupy  the  tetrahedral  sites  and  F  replaces  O. 


3.2.Ferroelectric  properties 

The  capacitance  and  dielectric  losses  of  pellets 
measured  using  gold  electrodes  have  been  recorded  between  120 
and  800K  in  a  20-3(X)kHz  frequency  range  .  The  temperature 
evolution  of  the  permittivity  cj,  and  tana  are  reported  in 

Fig. 3  for  BaAl20^.  A  maximum  of  e’  corresponds  to  a  decrease 
of  tana  at  T^=396K.  This  value  is  in  good  agreement  with  that 
reported  for  a  single  crystal  with  composition  Bag  qgCAlg 
^“O  001^2®4-al^^^'  shows  the  frequency  and  temperature 

dependence  of  permittivities  cj.  and  e"  for  the  solid  solution 
BaLig  ^Alj  2^0  8’  frequency  dispersion  both  in  cj.  and 
ejl  is  obvious.  The  variation  of  T^  vs  x  is  given  in  Fig. 5.  T^, 


Fig.  3  Temperature  dependences  of  ej.  and  tana  for 
a  BaAl204  ceramic. 


Fig.4  Temperature  evolution  of  cf  and  ef  for 
a  BaLio.4Ali  6O3  2F0.8  ceramic. 


decreases  first  with  rising  x  up  to  0.1  and  then  increases. 
The  spontaneous  polarization  results  from  the  atomic 
displacement  az  of  the  central  atom  Al(Li)  in  the  tetrehadra 
along  the  polar  axis  from  its  position  in  the 
paraelectric  phase.  The  substitution  of  a  bigger  Li^  cation 
TcIK) 


Fig. 5  Evolution  of  the  Curie  point  T^  vs  x  for 

BaLi2xAl2-2x04-4xF4x- 
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3  + 

for  Al  leads  to  decrease  of  T^,  the  increase  in  size  of  the 
central  atont  limiting  its  shift  in  the  tetrahedral  site.  For 
x>0. 1,  the  increase  Tj^,-value  implies  certainly  a  small 
structural  change  which  did  not  appear  in  the  XRD 
patterns. 

3.3.Pyroelectric  properties 

Pyroelectric  measurements  have  been  performed  on  ceramic 
samples  by  a  thermal  depolarization  method[6].  They  were  first 
poled  by  healing  at  the  temperature  Ip^T^-.lOK  with  a  dc  field 
of  10-14kV/cm  for  3  mn.  The  samples  are  short-circuited  after 
nolarization  at  the  same  temperature  for  lOh  to  eliminate  the 
space  charges.  The  measurements  were  performed  with  a  heating 
rate  of  6K/min.  The  thermal  variation  of  the  pyroelectric 
coefficient  p  calculated  from  the  pyrcKurrent  is  reported  in 
Fig. 6  and  that  of  spontaneous  polarization  P^  in  Fig.  7.  P^ 
increases  first  with  temperature,  it  reaches  a  maximum  at 

-  P  (nC  cm  *  K  ') 


Fig. 6  Thermal  variation  of  the  pyroelectric  coeffi¬ 
cient  p  for  ceramics  corresponding  to  x=0  I 
0.2  and  0.3. 


Fig. 7  Temperature  dependence  of  the  spontaneous  Pj  for  0. 1,0.2 
and  0.3. 

T^  =  200K  and  then  decreases  down  to  zero  at  the  Curie  point. 
This  unusual  behavior  was  previously  found  for  the  single 
crystal  Ba^  ^glAl^  qqj)20^  ^  [5]  for  the  ceramic 

BaAl20^  and  also  for  some  other  materials,  e.g.  Li2Ge20jj(7J 
and  CsCoPO^[8].  These  ferroelectrics  have  weak  a  permittivity 
cj,  and  a  Curie  constant  C  at  T^  and  they  present  an  unsual 
behavior  of  the  thermal  dependence  of  the  spontaneous 


polarization.  By  comparison  with  proper  ferroelectrics,  e.g. 
BaTiOj,  they  are  called  “weak  ferroelectrics"  by  Tagantsev[9]. 
Some  models  have  been  proposed  to  explain  the  ‘weak 
feiToelectricity”  since  the  70’s,  between  both  most  important 
ones  the  first  is  the  two  nonequivalent  sublattice  (TNS) 
model[9,10]  and  the  second  is  the  pseudoinhereni-ferroelectric 
model[ll,12].  We  suggest  an  "imperfect  antiferroelectric" 
model  by  modifing  the  TNS  model.  In  the  average  structure 
(Fig. 2)  there  are  two  types  of  (AlO^j  tetrahedra,  their 
spontaneous  polarization  vectors  are  opposite.  The  situation 
is  similar  to  that  of  the  aniiferroelectrics,  the  sjxintaneous 
polarizations  in  BaAl20^  are  opposite,  but  nonequivalent,  so 
iiiai  they  doiiT  fully  compensate.  A  strong  coupling  between 
sublattice  polarizations  drastically  reduces  the  values  of  the 
Curie  constant  and  the  permittivity  and  gives  a  maximum  in  the 
temperature  variation  of  spontaneous  polarization  P^. 

3. 4. Dielectric  relaxation 

Thr  frequency  dependence  of  the  real  and  imaginary  part 
c"  of  the  permittivity  is  shown  in  Fig. 8  at  various 
temperatures  for  the  composition  battiQ  ^Alj  2^0  g-  A 
dielectric  relaxation  is  detected  in  both  fTroelectric  and 
paraelectric  phases.  The  temperature  dependence  of  the 
relaxation  frequency  f^.  is  reported  in  Fig. 9.  Log  f^,  varies 
linearly  vs  1/T  in  both  ferroelectric  and  paraelectric  states, 
even  around  T^.  following  an  Arrhenius  law.  The  activation 
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Fig. 8  Frequency  dependence  of  cj  and  cp  at  various 
temperatures  for  a  BaLig  4AI1  6O3.2F0.8  ceramic. 
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Fig. 9  Temperature  dependence  of  the  relaxation  frequency  fj 

for  BaLio  4AI I  5O3  2^0  ><■ 

logain-'cm'l 


energy  E^=0.58eV  is  relatively  small.  These  results  let  us 
suppose  that  the  relaxation  is  not  related  to  intrinsic 
polarization  but  may  be  caused  by  charge  carrier  dispiaccinent. 
Fig.  10  gives  the  variation  of  the  dc  conductivity  vs  1/T 
for  the  same  sample.  The  curve  slope  below  T^  is  different 
from  that  above  T^.  It  shows  two  mechanisms  of  dc 
conductivity.  In  the  solid  solution  Ba(Lig  ^A1  j  2^0  8’ 

Li^  and  F  ions  are  smaller  and  their  charges  are  weak.  Below 
T^,  the  dc  conductivity  results  likely  from  free  charges 
due  to  ceramic  defaults.  In  the  high  temperature  phase 
T>T^,  the  mobility  of  the  Li^  and  F  ions  increases  the  dc 

conductivity.  We  may  think  that  mixed  Li'^/F'  ions  give 
rise  to  the  relaxation. 

4.C0NCLUS10NS 

The  ferroelectric  and  pyroelectric  properties  and  the 
dielectric  relaxation  have  been  investigated.  A  relation 
between  the  Curie  point  T^  and  the  compositon  rate  x  seems  to 
exist.  The  Curie  point  T^^  decreases  first  with  rising  x  and 
then  increases  linearly.  The  results  show  that  the  material 
is  a  weak  ferroelectric.  An  "imperfect  anti  ferroelectric" 
model  modified  from  a  previous  TNS  model  has  been  proposed  to 
account  for  the  unusual  ferroelectric  and  pyroelectric 


properties.  The  measurement  of  temperature  dependences  of  cj. 
and  c“  vs  frequency  in  the  range  20-.WkHz  shoves  a  dielectric 
relaxation  phenomenon  with  a  relaxation  frequency  f^=  10'-10'‘Hz 
between  360  and  520K  with  appearance  of  an  Arrhenius  law  .  The 
relaxation  is  related  to  Ligand  F  ion. 
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ABSTRACT 

Ferroelectric  thin  films  have  been  integrated  with  silicon 
micromachined  structures  to  form  micromechanical  pressure 
sensors  and  infrared  detectors.  These  devices  are  based  on  the 
piezoelectric  and  pyroelectric  effects  in  Pb(Zr,Tii  .x)03  and 
PbTiOa  thin  films,  respectively.  Surface-micromachining 
techniques  have  been  used  to  form  structures  which  are  easily 
deformable  for  mechanical  force  sensing  or  exhibit  a  low  thermal 
mass  and  low  thermal  conductivity  to  the  substrate  for  infrared 
detection  applications.  The  ferroelectric  and  surface¬ 
micromachining  technologies  presented  have  furthermore  been 
shown  to  be  compatible  with  a  3-pm  CMOS  technology.  Both 
microsensors  and  microactuators  have  been  fabricated  using 
ferroelectric  thin  film  technology.  Representative  examples  in 
this  work  are  1)  a  pyroelectric  infrared  detecfor  array,  2) 
acoustic  pressure  sensors,  3)  micromechanical  linear  positioner, 
and  4)  piezoelectric  microactuator. 


INTRODUCTION 

Ferroelectric  thin  films  have  recently  been  shown  to  be 
promising  materials  for  microsensor  applications.’'^  They  are 
particularly  attractive  In  that  can  be  incorporated  into  sensor 
structures  in  a  wide  variety  of  configurations  and  can  be  operated 
by  using  either  direct  charge  detecticn  or  wave/resonance  type 
phenomena.  Ferroelectric  materials  offer  the  possibility  of 
enhanced  performance  in  these  applications  due  to  the  extremely 
high  electromechanical  coupling  coefficients  (-200  pC/N  for  lead 
zirconate  titanate).  We  have  integrated  sol-gel  deposition  methods 
for  lead  zirconate  titanate  (PZT)  and  lead  titanate  (PbTiOa)  with 
surface  micromachining  techniques  to  produce  microsensor 
structures  on  silicon-based  micromechanical  structures,  i.e., 
thin  mechanical  membranes  of  polycrystalline  silicon  or  silicon 
nitride.  These  include  piezoelectric  pressure  sensors  and 
pyroelectric  infrared  detector  arrays. 

A  basic  cross  section  of  a  typical  micromechanical  structure 
used  in  both  the  pressure  sensor  and  infrared  detector  structures 
of  this  paper  is  shown  in  Fig.  1.  For  the  pressure  sensor  we 
specifically  design  the  membrane  to  easily  deform  in  response  to 
an  applied  force  such  as  that  associated  with  acoustic  energy.  For 
the  pyroelectric  detector  we  specifically  design  useful  thermal 
properties  into  the  detector  pixel.  These  are  low  thermal  mass, 
low  thermal  conductance  from  the  detector  element  to  the 
substrate,  and  low  thermal  cross  talk  between  pixels. 


MATERIALS 

The  ferroelectric  thin  films  (PZT  and  PbTiOa)  used  in  the 
device  structures  of  this  work  were  deposited  by  sol-gel  spin 
casting.  The  films  were  dispensed  in  successive  800-900  A  spin- 
coatings  and  fired  at  650  °C  for  30  minutes.  The  selection  of  these 
materials  Is  based  on  the  ability  to  achieve  extremely  high 
piezoelectric  and  pyroelectric  coefficients  through  simple 
chemical  modifications  of  the  starting  materials. 


Fig.  1  Cross  section  of  a  micromachined  sensor  structure  with 
ferroelectric  active  thin  films  The  piezoelectric  material  is 
PZT  for  mechanical  microsensor  applications  and  PbTiOg  for 
pyroelectric  detector  applications.  Solid-state 
micromachining  is  used  to  form  air  gaps  to  allow  either 
mechanical  deformation  or  low  thermal  conductivity  m 
pressure  sensor  and  infrared  detection  applications, 
respectively. 


Sol-gel  processing  of  piezoelectric  materials  has  the  advantage 
of  greater  compositional  control  over  sputter-deposition,  and 
therefore  the  flexibility  in  optimizing  film  properties  for  a 
particular  microsensor  or  microactuator  application.  Sol-gel 
derived  films  must  be  deposited  by  spin  or  dip  coating.  Several 
sol-gel  deposition  techniques  have  been  previously  reported.® 
To  date,  only  sol-gel  deposition  techniques  using  alkoxide 
precursors  have  been  used  for  microsensor®  and  microactuaior 
applications.®’® 

PZT  films  with  various  ratios  of  zirconate  to  titanate  have 
been  prepared  by  sol-gel  methods  in  our  laboratory.  The  device 
work  discussed  below  used  films  of  54%  zirconate  to  46% 
titanate.  This  ratio  lies  near  the  morphotropic  phase  boundary 
and  can  be  expected  to  exhibit  strong  piezoelectric  properties, 
although  the  validity  of  the  bulk  material  phase  picture  for  these 
thin  film  samples  still  remains  an  open  question.  These  films 
have  exhibited  excellent  microstructure’ o  and  good  ferroelectric 
properties  (Table  I).  although  some  variation  with  deposited  film 
thickness  has  been  observed.  The  ability  to  achieve  proper 
crystallization  of  the  piezoelectric  films  is  critical  and  is  aided  by 
the  use  of  a  platinum  nucleation  electrode  formed  by  sputter 
deposition  prior  to  sol-gel  deposition. 

Considerable  study  has  been  carried  out  in  our  laboratory  on 
the  dependence  of  film  microstructure  on  the  sol-gel 
precursors’ 2  and  on  optimizing  the  sol-gels  to  obtain  dense  films. 
Films  between  0.2  and  1 .0  pm  have  been  deposited  on  platinum 
substrates,  and  this  thickness  range  is  adequate  for  sensor 
applications.  Thicker  films  are  however  susceptible  to  cracking 
and  further  study  of  the  coating  process  is  necessary. 

Test  samples  of  the  54/46  PZT  were  fabricated  using  a 
platinum  lower  electrode  and  gold  upper  electrode.  Some 
representative  results  are  shown  in  Table  1.  Piezoelectric 
properties  (see  Fig.  2)  were  measured  by  a  load  cell  technique  on 
film  samples  without  the  top  electrode.  Pyroelectric  properties 
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were  measured  on  test  structures  utilizing  bulk  micromachining 
techniques,  where  the  substrate  underneath  the  film  test  area  was 
etched  away.  A  plot  of  the  pyroelectric  coefficient  vs.  temperature 
is  shown  in  Fig.  3.  These  values  demonstrate  the  viability  of  thin 
film  forms  of  PZT  for  sensing  schemes  based  on  charge  detection. 

The  piezoelectric  voltage  developed  across  the  film  thickness  is 
directly  proportional  to  the  piezoelectric  coefficients,  with 
contributions  from  both  the  d33  and  d3i  coefficients.  The  actual 
voltage  developed  is  inversely  proportional  to  the  capacitance  per 
unit  area  of  the  film.  This  suggests  that,  particularly  for  the  case 
of  pyroelectric  detection,  sensor  performance  could  be  improved 
by  encapsulation  of  the  PZT  with  a  low  dielectric  constant 
insulator.  A  high  quality  insulator  would  also  alleviate  the 
problem  of  charge  leakage  through  the  ferroelectric  film. 


Table  1  Summary  of  measured  ferroelectric  thin  film  electrical  and 
mechanical  properties. 
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Fig.  2.  Measured  piezoelectric  coefficient  dgg  in  PZT  (54/46)  thin 
films. 


Prior  knowledge  of  the  mechanical  properties  cf  the 
constituent  materials  are  also  important  to  the  design  of 
microsensors  and  microactuators.  In  particular,  the  ii.ternal 
stress  and  Young's  modulus  of  the  composite  membrane  is 
important  in  determining  the  mechanical  properties  of  the  device 
and  its  associated  electrical  response.  Fig.  4  shows  a  plot  of  the 
measured  effective  Young's  modulus  in  PZT  thin  films  of  varying 
thickness. 
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Fig.  3.  Measured  pyroelectric  coefficient  m  ferroeieciric  thm  films 
PZT  and  PbTi03  and  non-ferroelectnc  ZnC. 
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Fig.  4.  Measured  effective  Young's  modulus  E/(1-v)  for  sol-gel 
deposited  PZT  thin  films. 


MICROMACHINING 

Micromachining  refers  to  the  materials  processing  techniques 
used  to  form  useful  micromechanical  structures.  Two  general 
forms  are  used:  bulk-micromachining  and  surface¬ 
micromachining,  The  major  difference  lies  in  the  removal  of  the 
backside  substrate  or  a  sacrificial  layer  from  the  surface  of  the 
wafer.  Of  the  two  approaches,  we  believe  surface¬ 
micromachining  holds  more  promise  for  smart  sensor  systems  for 
the  following  reasons:  1)  no  two-sided  photolithography  is 
required,  2)  no  non-standard  chemicals  are  used,  3)  precise 
dimensional  control  can  be  achieved,  and  4)  the  mechanical 
integrity  of  the  substrate  is  not  weakened. 

Ferroelectric  fabrication  begins  with  either  MOS  circuits 
processed  up  to  the  point  of  source-drain  contact  opening  if 
integrated  microsensor  structures  are  to  be  made  or  with 
Si3N4/Si02  covered  silicon  substrates  if  off-chip  electronics  are 
to  be  used.  A  0.3  pm-thick  layer  of  low-pressure-chemical- 
vapor-deposited  (LPCVD)  silicon  nitride  and  a  0.8  pm-lhick 
layer  of  phosphosilicate  glass  (PSG)  are  first  deposited  at  800  °C 
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and  450  °C,  respectively.  The  silicon  nitride  layer  t-^rms  an 
encapsulation  layer  to  protect  the  almost  finished  CMOS  Tcuitry 
from  subsequent  processing  oi  the  on  chip  sensors  and  tiie  PSG 
serves  as  the  sacrificial  oxide  spacer  used  in  the  formation  of 
sensor  membrane  structures.  The  PSG  is  patterned  and 
chemically  etched  to  form  anchor  regions  for  a  subsequent 
phosphorus-doped  polysilicon  microstructure  membrane 
deposition  (by  LPCVD).  Sensor  membrane  regions  are  defined  and 
anisotropically  patterned  in  a  SF6/CCL2F2  plasma  by  reactive- 
ion-etching  (RIE).  A  high-temperature  anneal  at  1050  °C  for  one 
hour  is  performed  in  a  nitrogen  ambient  to  improve  polysilicc.n 
stress  properties.  A  500-1000  A-thirk  lower  platinum 
electrode  is  then  sputtered  over  the  entire  wafer.  Ti.o  platinum 
serves  the  dual  purpose  of  providing  an  adhesion/nucleation 
surface  for  the  subsequently  deposited  PZ^  of  PbTiOa  thin  film  and 
serves  as  the  lower  electrode  for  piezoelectric  and  pyroelectric 
microsensors. 

Sol-gel  spin-casting  of  ferroelectric  PZT  or  Pbi'iOa  is  then 
carried  out  as  previously  described.  The  ferroelectric  films  are 
then  patterned  by  either  chemical  etching  or  ion  beam  sputter 
etching.  Photolithography  is  then  used  to  protect  the  ferroelectric 
thin  films  in  carrying  out  a  lateral  sacrificial  etching  step  of  the 
PSG  layer.  This  step  is  commonly  called  surface-micromachining. 
Doubly-supported,  suspended,  structures  are  released  using  48 
wt%  hydrofluoric  acid  to  undercut  the  PSG  spacer  layer.  The 
polysilicon  membrane  therefore  forms  an  easily  deformable 
structure  desirable  for  force  sensing  or  a  low  thermal  mass 
structure  necessary  for  pyroelectric  detection.  For  pressure 
sensors,  the  ooen  side  walls  of  the  microbridge  are  sealed  by  the 
directional  sputtering  of  silicon  dioxide. 

A  top  electrode  to  the  ferroelectric  thin  film  is  then  deposited 
by  Ti/Au  evaporation.  Contact  openings  to  both  the  CMOS 
transistors  and  sensor  bottom  polysilicon  electrode  are  then 
chemically  etched.  This  is  followed  by  sputtering  aluminum  (2% 
Si)  to  form  interconnects  and  bonding  pads. 

A  representative  fabrication  outline  is  described  in  Fig.  5. 
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MICROSTRUCTURE  AND  CIRCUIT  INTEGRATION 

Integrating  ferroelectric  thin  films  with  silicon-based 
micromechanical  structures  requires  several  process 
considerations.  First,  the  micromechanical  structures  used  in 
this  work  are  based  on  the  surface-machining  of  thin  film 
polycrystalline  silicon  membranes  formed  0.7- 1,5  pm  above  the 
surface  of  a  silicon  wafer.  The  polycrystalline  silicon  membrane 
forms  the  mechanical  support  of  the  microstructure  and 
implements  desirable  properties  such  as  a  compliant  membrane 
or  low  thermal  mass  structure.  Although  we  have  also  used 
tuiigsten  and  silicon  nitride  as  micromechanical  support 
materials,  polycrystalline  silicon  represents  a  material  which 
can  be  easily  tailored  to  have  a  wide  range  of  mechanical  and/or 
electrical  properties  through  simple  adjustments  in  device 
geometry,  thickness,  and  process  deposition  conditions.  Second. 
Ti-Pt  is  used  as  the  lower  electrode  for  Pb{ZrxTii .x)03  thin 
films.  This  serves  as  a  nucleation  surface  ahd  prevents  the 
chemical  interaction  of  ihe  Pb(ZrxTii  .x)03  thin  film  with  the 
polycrystalline  silicon  membrane.  Third,  step  coverage  issues 
are  important  in  the  spinning  of  the  solution  over  the  elevated 
micromechanical  structure.  Fourth,  cracking  of  the  Pb(2rxTii. 
x)03  material  is  observed  for  film  thicknesses  greater  than  1.0 
pm.  Fifth,  electrical  fatigue  characteristics  are  believed  to  be 
dependent  on  the  top  electrode  material.  In  our  work  both  gold  and 
platinum  have  been  used.  Finally,  the  resulting  composite 
membrane  structure  must  exhibit  sufficient  mechanical  strength 
to  undergo  typical  deformations  encountered  in  both  microsensing 
and  microactuation. 
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Fig.  5.  Representative  surface-micromachinmg  steps  involved  in  the 
fabrication  of  ferroelectric  thin  film  sensors. 


There  are  several  key  sensor-circuit  integration  challenges: 
1)  realization  of  highly  oriented  ferroelectric  thin  films  on 
micromechanical  membranes,  2)  compatible  merging  of 
ferroelectric  thin  film  deposition  techniques  with  a  high 
performance  analog  circuT  processes,  and  3)  the  ability  to  carry 
out  necessary  micromachining  techniques  while  ensuring  the 
integrity  of  both  microsensors  and  circuits. 


A  representative  current-voltage  characteristic  for  an  on- 
chip  depletion  mode  NMOS  transistor  is  shown  in  Fig.  6.  A  custom 
high-voltage  NMOS  process  has  been  developed  to  allow  integration 
of  ferroelectric  thin  films  with  microactuator  structures.  For  the 
PZT  thin  films  prepared  in  our  laboratory,  typical  breakdown 
voltages  are  6  to  9  x  10^  V/cm.  This  implies  maximum  operating 
voltages  of  20  to  100  V  for  most  devices  applications. 
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Fig.  6,  Current-voltage  characteristic  ol  an  integrated  circuit 
fabricated  with  on-chip  PZT  piezoelectric  microactuators 
(microvalves). 


PYROELECTRIC  INFRARED  DETECTORS 

Pyroelectric  detectors  have  lot.g  been  used  for  room- 
temperature  Infrared  sensing  applications.  These  detectors  are 
usually  limited  by  thermal  losses  to  an  ambient  heat  sink  and 
parasitic  interconnection  losses  when  integrated  with  hybrid 
circuitry’ 3’ ’5.  This  paper  uses  solid  state  micromachining 
techniques  to  minimize  conductive  heat  losses  to  achieve  thermal 
isolation  between  detector  elements.  Polysilicon  is  used  as  a 
microbridge  to  form  pyroelectric  infrared  detector  structures 
with  an  extremely  low  frequency  operation  due  to  conductive  heat 
losses. 

Pyroelectric  materials  are  well  known  in  their  application  as 
room-temperature  infrared  detector  elements.  In  this  work  the 
integration  of  sol-gel  deposited  lead  titanate  (PbTiOg)  thin  films 
on  1.0  pm-thick  polycrystalline  silicon  micromachined 
membranes  for  pyroelectric  sensing.  While  other  PbTiOg 
infrared  detector  structures  have  been  previously  reported  the 
unique  aspects  of  this  work  are  1)  the  sol-gel  deposition  of 
PbTiOg  thin  films  for  infrared  detector  applications,  2)  the 
integration  of  PbTiOg  thin  films  on  low  thermal  mass 
polycryslalline  silicon  membranes  through  the  use  of  solid-state 
micromachining  techniques,  and  3)  demonstration  of  fabrication 
compatibility  with  silicon  MOS  electronics. 

Devices  incorporating  micromachined  components  and 
integrated  circuits  reported  in  the  past  have  been  implemented  in 
such  a  way  that  microsensors  and  integrated  circuits  occupy 
separate  areas  on  the  chip  or  involve  bump  interconnection  of  two 
substrates.  Chips  implemented  in  this  manner  often  have  long 
interconnections  from  the  sensors  to  the  signal  processing 
circuits  especially  in  applications  involving  two-dimensional 
arrays  and  complex  signal  processing  circuits.  This  often 
degrades  sensor  performance  due  to  parasitic  losses. 

This  paper  describes  a  vertical  integration  approach  to 
alleviate  these  problems.  In  this  approach  the  sensors  are 
fabricated  on  top  of  the  integrated  circuits  and  the 
interconnections  between  the  sensors  and  the  signal  processing 
circuits  are  formed  via  contact  openings.  This  implementation 
saves  chip  area  since  the  sensor  array,  integrated  circuits,  and 
routing  circuits  virtually  occupy  the  same  area. 

Each  microsensor  generates  charge  through  pyroelectric 
effect  which  is  the  result  of  the  alteration  of  the  internal  dipole 
moment  of  the  capacitor  film  through  a  change  in  temperature. 
This  change  in  temperature  produces  a  displacement  current 
parallel  to  the  polar  axis  given  by 


where  p(T)  is  me  pyroelectric  coefficient  evaluated  at 
temperature  T  and  A  is  the  surface  area  normal  to  the  polar  axis. 
For  response  times  greater  than  the  thermal  lime  constant  the 
resptonsivity,  r,  of  the  pyroelectric  element  is  described  by  (14) 

_  _V  _  P(T)Rl _ 

^  "  W(iu)  "  *  1 

pCpd(1  V-  [a)RL(C3  +  Cc))^)2 
(2) 

where  Rl  is  the  equivalent  parallel  resistance  of  the  detector  and 
load  resistor,  p  is  the  density,  Cp  is  the  heat  capacity,  d  is  the 
thickness  of  the  detector  element,  Ca  is  the  amplifier  capacitance, 
and  Cc  is  the  capacitance  of  the  detector  element. 

Diagnostic  64  x  64  element  pyroelectric  infrared  imager 
chips  have  been  fabricated  as  a  demonstration  vehicle  for  the 
three-dimensional  integrated  microsensor  concept.  Fig.  7  shows 
the  three-dimensional  cross  section  of  a  cell.  A  standard  3-pm 
NMOS  process  is  first  carried  out  through  the  point  of  first 
contact  openings.  A  0.5  pm-thick  lPCVD  silicon  nitride  film  is 
then  blanket-deposited  to  protect  the  circuits.  Back-end 
polysilicon  microstructure  machining  [6]  and  microsensor 
fabrication  processes  are  then  carried  out.  Surface- 
micromachined  1  2  pm  thick  polysilicon  thin  membranes  are 
formed  0.8  pm  above  the  surface  of  a  silicon  wafer.  Each  of  the 
4096  polysilicon  microbiidges  measure  50  x  50  pm^  with  75 
pm  pitch  has  its  own  simple  preamplifier  fabricated  directly 
beneath  an  air  gap.  Sol  gel  deposition  ot  Pb''''Cj  on  the  heavily- 
doped  polysilicon  membrane  was  used  to  form  each  pyroelectric 
element  (7].  Each  0.36  pm-thick  PbTiOa  thin  film  sensor 
measures  30  x  30  pm^  and  generates  charge  through  the 
pyroelectric  effect  (p  =  90:5  nC/cm^-OK  for  PbTiOs).  The 
fabrication  process  requires  live  sensor  masking  steps  in  addition 
to  the  standard  NMOS  process.  An  optical  photograph  of  a  finished 
die  is  shown  in  Fig.  8. 

Sensor  and  circuit  characterization  were  carried  out  in 
atmosphere  at  room  temperature.  The  circuits  in  the  diagnostic 
chips  were  completely  functional  w.th  no  observable  shift  in 
threshold  voltages  or  degradation  of  mobility  due  to  the  back  end 
micromachining  ar'd  microsensor  fabrication  steps. 

Fig.  9  shows  the  performance  characteristics  of  a  PbTiOg 
pyroelectric  element.  The  measured  blackbody  voltage 
responsivity  for  a  PbTiOg  pyroelectric  element  at  297  K  and  a 
chopping  frequency  of  50  Hz  is  4.0  x  10“*  V/W.  The  measured 
normalized  detectivity  D'  at  297  K  and  30  Hz  is  4  x  10®  cm 

Hz’^^/w. 

The  infrared  imaging  chip  was  operated  in  a  serially  scanned 
mode.  All  elements  were  functional.  No  adjacent  element 
responsivity  has  observed  under  single  element  infrared 
exposure.  The  voltage  gain  for  the  on  chip  circuitry  is 
approximately  48  dB  and  demonstrates  the  functionality  of  the 
imager.  Further  systems  work  is  required  to  make  this  a 
practical  imaging  device. 

We  have  selected  PbTiOa  as  the  pyroelectric  thin  film 
material.  The  fact  that  this  material  is  easy  to  process  by  sol  gel 
deposition  directly  on  heavily-doped  polysilicon  membranes 
greatly  simplifies  fabrication.  Further  work  underway  suggests 
that  the  responsivity  of  this  device  can  be  improved  through 
intentional  lanthanum  doping  of  the  PbTiOa. 

Device  and  circuit  characterization  were  carried  out  prior  to 
and  after  microsensor  processing.  No  significant  degradation  was 
apparent.  In  addition,  it  appears  that  the  chip  area  per  sensor  can 
be  significantly  reduced  by  use  of  surface  micromachining  rather 
than  bulk-machining  methods.  The  ability  to  fabricate  these 
microsensors  in  VLSI  NMOS  processes  suggests  further 
integration  of  ferroelectric  sensors  with  high-density  standard 
cell  analog  and  digital  building  blocks. 


130 


MICROMECHANICAL  MEMBRANE 


MICROMACHINED  PRESSURE  SENSORS 


Fig,  7  Cross  section  ol  vertical  integrated  microsensor  concepl, 
Solid-state  micromachming  's  used  to  form  an  air  bridge 
immediately  above  the  preamplifier  circuit, 


Fig.  8.  64  *  64  element  infrared  imager  fabricated  using  NMOS 

circuits.  PbTIOs  ferroelectric  thin  films,  and  polysilicon 
mtcrobridge  technologies. 


Fig  9  Detector  performance  measured  m  a  PbTi03  infrared  defector 
element. 


Modeling  of  the  piezoelectric  sensor  Is  done  using  the  basic 
theory  of  mechanical  beams  The  beam  is  a  layered  structure  of 
support  material  (polycrystallme  silicon),  bottom  electrode 
(Ti/Pt),  piezoelectric  material  (PZT),  and  top  electrode  (Pt), 
The  thin  film  mechanical  properties  of  the  materials  involved, 
with  the  exception  of  PZT  have  been  previously  studied.  Some 
preliminary  data  has  been  obtained  on  PZT  by  our  group  A 
closed  form  solution  can  be  obtained  assuming  that  the  deflections 
are  small  relative  to  the  sensor  dimensions  and  assuming  a  simple 
set  of  boundary  conditions  at  the  edges  of  the  beam.  It  has  been 
shown  by  Choi'^  that  for  the  materials  involved,  assuming  typical 
beam  dimensions  of  between  10  and  100  pm  on  a  side,  the  vertical 
deflection  even  under  a  pressure  excitation  of  1  mbar  is  only  on 
the  order  of  10  nm.  Thus,  the  assumption  of  small  deflections  is 
justified  and  the  sensor  would  not  be  expected  to  bottom  out 
Piezoelectric  charge  is  induced  normal  to  the  piezoelectric  film 
surface.  The  contribution  of  charge  directly  due  to  the  normal 
pressure  component  (proportional  to  the  dgg  coefficient)  is 
relatively  insignificant  compared  to  that  due  to  the  transverse 
strain  of  the  beam  as  it  deforms  (proportional  to  the  dg  i 
coefficient)  under  the  excitation.  The  induced  charge  then 
produces  a  voltage  signal  inversely  proportional  to  the 
capacitance.'unit  area  or  the  piezoelectric  film.  The  induced 
charge/unit  area  at  each  point  on  the  sensor  varies  greatly  over 
the  sensor  area,  as  it  is  proportional  to  the  induced  stress. 
However,  the  voltage  across  the  film  is  constrained  to  a  single 
value  due  to  the  presence  of  the  top  and  bottom  electrodes.  To  find 
this  voltage,  the  induced  charge/unit  area  can  be  integrated  over 
the  sensor  area  and  this  total  charge  divided  by  the  capacitance  of 
the  electrode  bounded  piezoelectric  film.  Alternatively,  an 
average  stress  component  (oxy)  can  be  calculated  and  this 
quantity  then  divided  by  the  capacitance  per  unit  area.  The 
relationship  of  the  key  quantities  in  the  sensitivity  figure  (S)  are 
as  follows; 


where  t  is  the  thin  film  dielectric  constant  with  thickness  t. 

The  voltage  sensitivity  of  ferroelectric  film  sensors  with  their 
very  large  dgi  coefficients  is  therefore  not  necessarily  greatly 
enhanced  over  that  of  sensors  made  with  non-ferroelectric 
piezoelectric  films.  However,  the  signal  charge/unit  area  is 
enhanced  by  two  orders  of  magnitude  over  such  non-ferroelectric 
materials  as  ZnO  and  AIN.  This  allows  voltage  amplification  by 
using  composite  dielectric  structures  and  also  greatly  improves 
the  signal-to-noise  situation. 

Piezoelectric  pressu  ;  sensors  based  on  Pb(ZrxTii.x)03  thin 
films  have  been  fabricated  in  a  silicon  /C-compatible  process 
using  surface  micromachining  techniques.  The  diagnostic 
pressure  sensors  fabricated  in  this  work  have  dimensions  ranging 
from  20  x  20  nm2  to  250  x  250  pm?  and  make  use  of  0.45  pm- 
thick  Pb(ZrxTii.x)03  piezoelectric  capacitors  supported  0.8  pm 
above  the  silicon  substrate  on  1.6  pm-thick  deformable 
polycrystalline  silicon  membranes.  Fig.  10  shows  the 
unamplitied  voltage  ol  a  PbfZrxTii .x)03  pressure  sensor  as  a 
function  of  acoustic  p.essure. 


MICROACTUATORS 

Novel  micropositioning  actuators  has  been  fabricated  based  on 
the  inverse  piezoelectric  effect.  The  basic  device  shown  in  Fig.  11 
is  implemented  in  a  geometry  of  N  piezoelectric  bars  connected  in 
a  meander  line  configuration  which  are  mechanically  in  series  and 
electrically  in  paralleP®.  Each  bar  is  eleciroded  on  two  opposing 
faces  parallel  to  the  length  of  the  bar  with  electrical  connection 
made  to  the  terminals  of  a  dc  variable  power  supply.  The 
piezoelectric  polarity  between  bars  is  alternated  .)  achieve  linear 
expansion  and  linear  contraction  in  adjacent  bars.  Because  both 
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Fig.  10.  Acoustic  pressure  sensor  responsivity  using  a  PZT  thin  film 
on  a  surface-micromachined  membrane. 
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Fig.  11.  Schematic  of  micromeanderline  positioner. 


ends  of  the  meanderline  are  anchored  to  a  silicon  substrate,  the 
center  of  the  meander  line  experiences  a  forward  displacement 
equal  to  N  times  the  change  in  length  of  a  single  piezoelectric  bar. 
An  additive  displacement  is  therefore  obtained.  The  folded 
geometry  allows  substantially  large  displacement  to  be  obtained  on 
a  microfabricated  chip. 


The  positioning  force  obtained  from  the  meanderline  has  been 
derived  by  Robbins^®.  The  force  Fpz  is  given  by 


F 


pz 


2Ed3iWV 


(3) 


Diagnostic  microvalves  have  also  been  fabricated  using  PZT 
thin  film  technology  and  polycrystailine  silicon  cantilever 
membranes.  These  device  structures  are  similar  to  the  generic 
device  shown  in  Fig.  1  but  are  singly  supported  in  the  form  of  a 
cantilever.  These  device  have  been  actuated  to  achieve  vertical 
deflection  of  the  tip.  Tip  deflections  measured  using  an  optical 
microscope  are  approximately  4  pm.  Further  details  of  this  work 
will  be  presented  elsewhere  as  this  work  progresses 
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Fig,  12.  Measured  displacement  of  microfabricated  PZT  meanderline 
positioner.  The  device  consists  of  16  piezoelectric  expander 
bars. 


CONCLUSIONS 

In  conclusion,  we  hav  demonstrated  the  integration  of  sol-gel 
ferroelectric  films  into  micromachined  sensor  structures.  The 
primary  advantage  of  PZT  over  other  piezoelectric  thin  films  is 
its  large  piezoelectric  effect.  The  primary  advantage  of  PbTiO.s 
lies  in  its  extremely  high  pyroelectric  coefficient.  The  nature  of 
the  sol-gel  deposition  process  and  micromachining  techniques  is 
compatible  with  conventional  integrated  circuit  technologies  and 
may  offer  a  high  performance,  low-weight,  solution  to  future 
smart  guidance  and  navigation  applications. 

For  the  pyroelectric  infrared  detectors  described  in  this  work, 
sol-gel  deposited  PbTiOa  thin  films  have  been  integrated  with 
polycrystalline  silicon  microstructures  and  analog  CMOS  circuits. 
Solid-state  micromachining  techniques  have  been  applied  in  the 
formation  of  a  thin  film  polycrystailine  silicon  membranes  for 
reduced  thermal  mass  and  air  gaps  for  thermal  isolation 
purposes.  Sol-gel  deposited  PbTiOa  offers  a  significantly  higher 
pyroelectric  coefficient  than  other  IC-compatible  thin  film 
materials  and  is  compatible  with  CMOS  integrated  circuit 
processing  technologies.  The  extremely  high  pyroelectric 
coefficient  attainable  in  PbTiOa  thin  films  deposited  on 
polycrystailine  silicon  micro-bridges  suggests  further 
pyroelectric  or  deformable  membrane  piezoelectric  microsensing 
applications. 


where  V  is  the  applied  voltage,  w  is  the  width  of  the  piezoelectric 
bar,  d3i  is  the  piezoelectric  coupling  constant,  and  E  is  Young’s 
modulus. 

Initial  results  obtained  for  this  device  are  currently 
encouraging.  Linear  displacements  have  been  achieved  in  the 
ranre  of  0  -  4  pm  as  shown  in  Fig.  12.  Problems  have  been 
encountered  in  the  the  fabrication  of  this  device  due  to  the  long 
effective  length  over  which  mechanical  integrity  of  the  structure 
is  to  be  maintained. 


For  the  piezoelectric  pressure  sensor  and  microactuators 
presented,  surface-micromachining  techniques  have  been  used  to 
form  deformable  polysilicon  membranes.  Deformation  strains  are 
transduced  to  an  overlaying  PZT  piezoelectric  thin  film  in  sensing 
and  generated  during  actuation.  The  advantages  of  piezoelectric 
sensing  include  the  high  signal-to-noise  ratio  and  low  power 
consumption.  The  strong  advantage  of  piezoelectric 
microactuators  lies  in  their  ability  to  generate  extremely  large 
forces  when  compared  to  other  actuation  methods  operatmg  at 
equivalent  voltages  and  low  currents. 
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Abstract*.  The  authors  discuss  the  physical 
background  of  the  feasible  diversity  of  nodified 
lead-containing  perovskite  ceranlc  coapositions  with 
field-induced  first  order  and  diffused  phase 
transitions,  a  nuaber  of  particular  nodel  devices 
being  considered.  Specific  changes  of  structure  and 
properties  of  the  PLZT  ceranics  doped  with  3d- 
elements  and  radiation  efects  in  sone  of  the 
coapositions  are  exaained. 

Introduction 

The  present  report  is  an  attempt  to  represent  from  a 
coaaon  point  of  view  the  aost  recent  results  and 
trends  in  possible  applications  and  studies  of 
modified  lead-containing  perovskite  ceramics.  The 
nature  of  the  phase  transition  and  the  state  of 
polarization  are  important  for  the  efficiency  of  any 
special  application. 

Blectrocaloric  effect 


Considerable  interest  has  been  recently  paid  11-3]  to 
electrocaloric  effect  (ECE)  -  a  general  property  of 
dielectric  substances  to  change  their  temperature 
under  electric  field  applied  under  adiabatic 
conditions  (AT£(’g).  A  large  ECE  is  expecCtJ  at  field- 
induced  first  order  phase  transition  (PT)  in 
ferroelectrics  IFE).  Potential  applications  -  energy 
conversion  (the  absolutely  higher  values  of  dTg^g 
obtained  so  far  equal  to  2.6  K  and  belong  to  ceramic 

composition  Pbg  qgNbo .  02^ ^'"0 . 75.^"0 . 20^^ 0 •  05^ 0 . 9{1®3 
[A],  of  the  three-component  solid  solution  series 
which  is  referred  once  more  hereafter  concerning  the 
large  field-induced  deformation),  cascade 
microcryogenic  devices. 

The  PbScQ  sTio^O,  (PST)  solid  solutions  are  found  to 
be  a  useful  material  for  active  elements  for  the  last 
[2].  A  temperature  difference  of  ATg['g=l  .0-1 .8  K  at 
field  intensities  20-30  kV/cm  in  the  interval  of  210- 
310  K  can  be  achieved  by  simultaneous  or  separate 
isomorphic  substitution  of  Sb  and  Co  ions  in  B-sites 
of  the  lattice  (the  greatest  value  in  the  temperature 
range  now) .  This  is  due  to  structure  rearrangement  at 
the  PT  (a  large  volume  jump  ilV=0.078  and  a  high 
degree  of  the  Sc  and  Ta  ion  ordering  (a=0. 85-0.90)  at 
field-induced  paraelectric  (PE)  -  ferroelectric  (FE) 
phase  transition  Fm3m  -  R3m. 

To  maintain  a  high  ECE  in  modified  PST  solid  solution 
it  is  necessary  to  satisfy  the  following 
requirements: 

-  to  keep  a  high  ordering  of  trivalent  and 
pentavalent  ions  in  the  B-sites; 

-  the  substituting  ions  must  have  a  high  electronic 
polarizability: 

-  stability  of  the  initial  structure  should  not  be 
lost  by  overtension  of  A-0  and  B-0  bonds. 
Characteristics  of  the  structure  ,  PT  and  ECE  of  some 
doped  PST  solutions  are  given  in  Table  1. 


Table  1 

Characteristics  of  structure  and  BCE  of  doped  lead- 
scandiuB  tantalate  solid  solutions 


Dopant 

Shift 

4T,,K 

ECE 

AT£CJ|,R 

Amount  of 
pyrochlore, 

%  vol . 

Nature 
of  PT 

In 

-20 

0.80 

8 

diffused 

Ga 

-14 

0.75 

7.6 

sharp 

Mn 

-38 

0.25 

3.8 

strongly 

diffused 

Ni 

-32 

0.50 

0 

diffused 

Fe 

-12 

0.85 

1.9 

sharp 

Co 

-10 

1.30 

0 

sharp 

Zn 

-12 

0.75 

1.18 

diffused 

-18 

1.40 

0 

sharp 

V 

+4 

0.70 

0 

diffused 

Sb 

-19 

1.50 

1 

sharp 

Nb 

+7 

1.10 

0 

sharp 

Ti 

+  11 

1.25 

2 

sharp 

Ir 

+10 

0.85 

3 

diffused 

Hf 

+8 

0.60 

5 

diffused 

Sn 

-17 

0.70 

4.4 

diffused 

_  Amount 

dopant  -  10  mole  %.  Shift  of  ECE  maximum 
temperature  AT^  is  given  with  respect  to  the 
temperature  of  ECE  maximum  T_=295  K  in  undoped  PST. 


The  highest  value  of  ^Tgf^g  obtained  by  optimizatior 
of  technology  has  reached  2.3  deg  at  50  kV/cm  and 
+7°C  temperature  (2  deg  at  standard  field  of  25 
kV/cm) . 

Introduction  of  the  film  (e.g. ,tape  casting) 
techniques  to  reduce  operating  voltage  of  the  active 
ECE  element  as  well  as  fabricating  of  MLC’s  to 
achieve  higher  electric  field  strengths  (Dr .W. Lawless 
-  private  communication)  seen  to  be  next  step  in  ECE 
active  elements  technology. 

PST  solutions  (black  coated,  e.g.,  by  matrix 
electrodes,  ceramics  plates)  in  the  range  of  a  strong 
dependence  of  the  ECE  on  applied  field  intensity,  and 
fast_  response 
(-10  °  sec)  may  find  application  of  high  sensitivity 
and  high  resolution  (-0,1  K)  thermal  image  modelling 
and  Ik  detector  testing. 


Blectrostriction 


High  values  of  longitudinal  strain  (-0.87%)  have  been 
observed  [5J  in  the 
Pbo97Lauy2>^^'"0.66'^’^0,llS'‘o.  23)03  composition  of 
Pb(Zr,Sn,Ti)03  trippie  solid  solution  system, 
mentioned  hereabove,  at  room  temperature  at  the 
tie  Id-enforced  PT  from  antif erroelectric  (AFE)  to  FE 
state.  A  switching  time  of  <1  ps  was  detected  (under 
field  >30  kV/cm). 

By  optimization  of  the  technological  cycle  (hot 
pressing,  thermal  treatment)  improving  ceramics 
microstructure  and  phase  homogeneity  we  have  obtained 
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the  value  of  relative  deforaation  in  the  coaposition 
about  at  the  field  of  -40  kV/ca.  A  field- 

enforced  transition  froa  tetragonal  AFE  to 
rhoabohedric  FE  phase  has  been  observed  by  X-ray 
studies  at  20°C  (obtained  unit  cell  paraaeter  values: 
aT.=4. 11910.001  1;  Ct»4. 09510. 001  X;  Vj»69.4ei0.04  X^ 
in  the  AFE  phase  and  ag»4 . 1 18110.0006  X; 
08*89. 8010. 02  deg;  Vg*69. 8310.02  X^  in  the  FE  phase. 

A  saall  change  of  entropy  at  the  AFE  to  FE  phase 
transition  (opposite  to  the  case  of  ECE  where  a  large 
entropy  jump  at  the  FE  to  PE  phase  transition  is 

utilized)  explains  the  weak  dependence  of  the 

critical  field  on  teaperature.  It  is  worth  to  notice 
that  pronounced  first  order  PT  properties  including 
double  hysteresis  loops  amongst  oxygen  perovskite 
ceramics  are  observed  only  if  the  FE  and  PE  phases 
transfer  to  AFE  phase.  It  may  be  related  to 

supposedly  exclusive  first  order  character  of  the 
AFE-PE  transitions,  explaining  extremely  high 
parameter  values  characteristic  to  the  Pb(Zr,  Sn, 
Ti)03  solid  solution  series  and  related  to  field- 
induced  first  order  PT:  field-enforced  strain  and 
ECE. 

However,  there  is  a  number  of  problems  like 
hysteresis,  nonanalytic  deformation-field  dependence, 
and  fatigue  effect,  regardless  to  the  extremely  high 
values  of  electric  field-controlled  strain 
considerably  exceeding  the  ones  of  the  relevant 
parameters  of  classic  electrostrictive  materials  and 
"giant  electrostriction"  in  FE  relaxors,  (e.g.,  in 
PMN-PT,  PMN-PSN  and  PLZT  X/65/35  compositions  the 
value  of  Qu  is  more  than  0.02  nr/C^).  In  FE  relaxor 
materials  in  the  region  of  the  strongly  diffused  PT 
at  the  field-induced  change  from  macroscopical ly 
nonpolarized  to  FE  state  the  growth,  orientation  and 
merging  of  polar  microregions  is  followed  by  high 
mechanical  strains  proportional  to  polarization  P 
square  (sii'QilPi^) •  Material  returns  to  its 
nonpolarized  state  upon  removal  of  the  applied  field. 
The  longitudinal  electrooptic  (EO)  effect  and 
electrostriction  (providing  the  most  essential 
contribution,  about  6011,  to  the  optical  path 
variation)  are  used  in  the  electrically-controlled 
Fabry-Perot  near  IR  interferometer  without  polarizers 
(6] .  ITO  electrodes  are  applied  to  opposite  faces  of 
PLZT  ceramics  plane  parallel  plate  of  thickness  -1 
nun.  The  quarter-wave  voltage  at  ^=3.39  pm  has 

been  510  V  and  2100  V  for  PLZT  8.5/65/35  and 
10/65/35,  respectively  (contrast  ratio  -  9:1). 

Pyroelectric  effect 

The  lead-containing  perovskite  ceramics  including 
modified  PZT  are  distinguished  by  a  relatively  high 
values  of  the  pyroelectric  coefficients  and  used  in 
pyroelectric  IR  detectors.  We  have  developed  a  design 
for  light  switches  and  alaiiii  devices.  The 
concentrator  of  radiation  i.s  shaped  as  a  cone 
(instead  of  mirrors  or  lenses)  simplifying  its 
production.  Sensitivity  of  the  ilevicp  having  the  form 
of  cylinder  i.s  easily  varied  within  wide  limits  by 
the  size  of  the  latter.  The  radiation  can  he  detected 
from  a  narrow  spatial  angle.  At  the  length  of  150  mm 
and  diiimeter  ol  5u  mm  the  0(301  at  ing  distance  is  u(>  to 
1.5  m. 

Electrooptic  effect. 

the  most  lamilirir  t  rans[3arent  1  err'oe  1  e<  t  ri  c  cer.imits 
(lt(  )  sv-stem  P1,/.T  is  a  ty[)i(;al  Ft  rel.ixor  mater  i.il 
anil  a  d  i  1 1  used  I'l  model,  iiia  i  nt  a  i  11  i  g  a  high  value  ol 
'he  ((uailratic,  Fti -coet  f  i  r  i  ent  s  ( k  -  5  .  1  lj“  * ir//V^)  in  .1 
rather  wiile  t  emfierat  or  e  range  |7].  The  n[>tiral  .axis 
in  Iti  I  an  tie  inriuced  and  rant  rolled  hv  applietl 


electric  field  (mechanic  tension,  temperature, 
irradiation)  and  a  ceramic  microstructure  allow  for 
reversion  of  local  microregions  without  the  change  of 
polarization  in  surrounding  matrix.  TEC  has  a  number 
of  applications  in  opLuele-tronic  devices,  some  of 
them  being  developed  at  the  University  of  Latvia: 

-  wide  aperture  modulators  (7]  ("Pulsar"  series), 
using  parallel  plate  of  interdigital  type  (engraved) 
electrodes  ot  rise-time  in  microsecond  region; 
apperture  up  to  70  mm; 

-  a  PLZT  frequency  shifter  (8|  (20  kHz)  as  well  as  a 
voltage-controlled  PLZT  X /A  phase  plate  have  been 
introduced  in  the  laser  heterodyne  interferometer  for 
automatic  displacement  measurements  with  the 
accurracy  tlO  nm  and  1  Hz  display  update  rate  (see 
optical  arrangement  of  interferometer  in  the  Fig.l). 


FIGURE  1.  Optical  arrangement  of  a  PLZT  Michelson 
type  laser  heterodyne  interferometer. 

-  a  commercial  version  of  low  voltage  PLZT  ceramics 
Kerr  cell  with  computer  controlled  IX.'  and  AC  voltage 
sources  for  didactic  use,  classroom  demonstrations, 
and  transfer  of  information  by  laser  beam  19-10)  (sec 
experimental  set-up  on  Fig. 2).  Such  modulators  can 
also  be  successful  as  chop[)ers  in  lock-in  amplifier 
techniques . 


FIGURE  2.  Experimental  set-up  of  Kerr  fell 
deraonstrat ions . 
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a  PLZT  Bodulator  for  coapufer-cotiftol  led  CW  laser 
bea*  (He-Ne.  A=0.6Jj;  1.15  jm,  VACrNd)  intensity 
manipulation  for  biological  and  medical  purposes.  To 
avoid  the  effects  due  to  some  in.stabilit>  of  the 
values  of  PLZT  EO-coet t it  lent s  with  temperature  and 
time  as  well  as  to  obtain  a  linear  input -output  EO- 
conversion  the  modulator  is  provided  with  a  voltage 
controller  using  a  photoelectric  feedback.  The 
controller  can  be  drived  by  an  analog  or  digital  (8 
bit)  periodical  or  chaotic  electric  signal,  providing 
optical  output  with  no  less  than  21)  gray  scale 
levels;  duration  of  pulse  step  -  less  than  0.5  msec; 
rise  and  decay  time  "  <0.2  msec. 

-  an  intracavity  matrix  adressed  (30x30  prograimMble 
scanning  elements  of  0.<i5x0.A5  nm^  clear  aperture) 
PLZr  spatial-time  modulator  is  demonstrated  with  a 
pulse  iA0:Nd  laser  (11).  A  diffraction  limited  beam 
quality  and  10  psec  direction  exchange  time  have  been 
achieved;  optical  threshold  energy  up  to  11  J/cm^  (a 
schematic  picture  of  the  device  is  given  in  Fig. 3). 
The  los.ses  caused  by  PLZT  here  are  compensated  by 
additional  pumping  of  the  output  radiation  intensity. 
Laser  pointing,  location  and  projection  are  possible 
appl ications . 


FIGURE  3.  A  schematic  picture  of  the  integrated 
duplex  mode  electrode  laser  switching  arrangement. 

Doping  mith  3-d  elements 

A  series  of  experiments  have  been  made  [12-1.5)  to 
study  the  effects  of  id-dopants  .in  •'he  stcucture,  the 
optical,  dielectric  and  mechanical  properties  of  PLZT 
8/65/35  ceramics.  On  the  other  hand,  introducing  of 
small  amounts  of  admixture  has  allowed  to  obtain  more 
information  about  a  number  of  fundamental  phenomena 
in  solids;  relaxor  FE  phase  transitions,  .Jahn-Teller 
effect,  ordering  etc.  in  perovskite  structures. 
Examination  of  Mn  and  Fe  dopant  effects  has  shown 
that  Mn^^  and  Fe^*^  are  the  dominating  forms  of 
admixture  ions  in  the  ^erovski te  lattice  which  means 
that  Jahn-Teller  (d*)  configurations  are  most 
preferred.  A  small  fraction  (no  more  than  1%)  of  Mn 
ions  are  introduced  as  Mn'^*  ions.  The  J-T  (Fe^^Mn^^) 
centres  are  activators  while  the  other  ones  (Fe^*, 
Mn'^*)  may  be  used  for  EPR  sounding  of  the  lattice 
environment . 

The  J-T  centres  interacting  with  soft  mode  vibrations 
promote  the  shift  of  FE  phase  transition  to  higher 
temperature,  represent  elementary  dipoles  (at  medium 
temperature)  and  cause  the  polar  distortion  of  the 
elementary  cell  (at  low  temperature). 

The  processes  observed  at  doping  provide  some 
suggestions  concerning  the  properties  of  PLZT 
material.  The  Raman  spectra  of  PLZT  show  bands 
characteristic  to  disordered  solids  (Fig. A.  tiands  I, 
II)  which  correlate  with  EPR  signal  with  and 

with  the  £*  dispersion  at  10*  -10^  H?.  (Fig. 5,  region 
II).  La ions  obviously  are  responsible  for  the 
distortion  of  oxygen  octahedra  and  "relaxing"  Ti  ions 
in  the  off-site  positions  inside  the  octahedra.  Thus, 
La  ions  are  responsible  for  localized  distortions 


of  the  lattice  (Ug  octahedra)  and  the  increase  of 
the  concentration  of  additional  elementary  dipoles, 
on  the  one  hand,  and  prevents  the  long-range  ordering 
of  the  A-sublattice,  on  the  other. 

The  manifestations  of  the  lattice  interaction  with 
the  J-T  centres  of  modified  PLZT  are  seen  in: 

-  optical  absorption  [12); 

-  5*('),T,t),  P(E)  (Fig. 5)  115)  and  ^l/l(F) 

behaviour  (12); 

-  Raman  spectra  (central  plate  broadening)  (Fig. A) 
113): 

-  electromechanic  and  elastic  properties  [12); 

-  X-ray  diffraction  (12); 

-  EPR  dependence  on  admixture  concenti ai ion  [lA). 


FIGURE  A.  Raman  spectra  of  pure  (curve  1),  doped  with 
1  wt.%  Fe  (2)  and  Mn  (3)  PLZT  8/65/35.  I,  II,  111  - 
"amorphous"  bands;  C.p.  -  central  peak  demonstrating 
a  critical  behaviour. 


FIGURE  5.  e"C^)  of  pure 

wt.%  Fe  (2)  and  Mn  (3), 
rad) (curve  A)  PLZT  8/65/35. 
temperature  £(T)  maximum 


(curve  1),  doped  with  1 
if- irradiated  (dose  3.10^ 

measure  ^M 

at  10-’  Hz,  E,^<1  V/cm; 
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todiatioa  effecta 


Different  kind  of  irradiation  (  f-rays,  electrons, 
neutrons)  nay  be  used  to  introduce  defects  control 
defect  concentration  and  obtain  inforaation  about  the 
defect  processes  in  naterials  studied  under  different 
conditions  (e.g.,  state  of  polarization,  saaple 
geoaetry).  There  is  soae  interest  to  investigate 
radiation  daaag"  with  regard  to  application. 
Experiments  were  aade  on  ceraaic  spaciaens  of  PLZT 
X. 65/35  (X=4.5-ll  at/XLa)  and  PSN  (15J ,  detecting 
significant  alterations  of  the  optical  and  dielectric 
properties.  Most  recently  electron-irradiated  PST, 
PSN  and  PSN-Ba  cer:aBics  have  been  investigated 
(fluences  up  to  3.10^'  electr/ca^  as  well  as  neutron- 
irradiation  studies  of  the  effects  with  respect  to 
the  dose  (5.10^^;  10^®  n/ca^)  (to  be  published). 

All  the  optical  (absorption  difference  AD)  and 
dielectric  (hysteresis  loops,  £  ,  tg6)  aeasureaents 
were  made  at  room  temperature.  Annealing  as  well  as 
aging  were  studied. 

The  change  of  optical  properties  of  PLZT  8-11/65/35 
ceramics  is  mainly  observed  near  the  ataorption  edge 
-  a  characteristic  maximum  in  AD  appearing  370-390  na 
irrespective  to  the  type  of  radiation  employed 
(Fig. 6, a).  Intensity  of  coloring  (the  value  of  AD) 
depends  on  the  type  of  irradiation,  fluence,  as  well 
as  of  thickness  of  the  sample.  Defects  can  be 
annealed  at  temperatures  between  AOO-700  °C 


(Fig.6,b) . 

In  the  case  of  electron-  and  neutron-  irradiated  PSN 
and  PSN+Ba  ceramics  without  changes  at  the  absorption 
edge  (360-370  nm)  supplementary  AD  maximum  at  -A90  na 
appears,  however  completely  annealed  at  temperatures 

about  250°C.  (Fig.6,c).  , 

The  maximum  of  AD  in  PMN  ceramics  is  shifted  to 
longer  waves  of  510  nm.  The  change  of  ion  charge, 
redistribution  of  genetic  defects,  appearance  of  true 
radiation  defects  as  a  result  of  ion  displacement 
aparently  are  associated  with  the  observed  color 
centers  of  the  broad  absorption  band.  •  *  *  * 

PSN,  PST  and  PMN  compounds  are  more  resistant  to 
irradiation  as  compared  to  PLZT  in  what  concerns  the 
change  of  dielectric  parameters  caused  by 
irradiation.  (It  has  to  be  noticed  that  some  activity 
is  observed  in  compounds  of  the  first  group  for  which 
reason  they  cannot  used  in  experiments  immediatly 
after  irradiation).  The  most  pronounced  change  occurs 
in  the  shape  of  the  hysteresis  loops  in  the  "hard'  FE 
samples  (e.g.,  PLZT  A. 5-6/65/35)  (Fig  7)  This  may  ^ 
explained  by  classic  mechanisms  leading  to  the 
appearance  of  intrinsic  radiation-induced  bias  fields 
in  FE  substances.  The  state  of  polarization  of  the 
sample  -  thermally  depolarized  (TD),  polarized  ^ 
electric  field  (EP)  during  its  irradiation  is 
important  (Fig. 8).  The  upper  symmetric  loop  is 
observed  in  TD-samples  while  identical  samples 
polarized  before  irradiation  show  pronounced 
Lymmetric  hysteresis.  Fig. 8  also  demonstrates 
obLrved  build-up  process  of  the  loop  size  <inder 
repeated  cycling  conditions  related  to  ‘‘earrangemen  . 
and  relaxation  of  radiation-induced 
Regarding  loop-formation  the  following  is  observed. 
Starting  with  symmetric  “P”"  .  * 

temperature  to  the  "^xt  annealing  stage,  the  loop 
berames  assymmetric  which  can  be  exp  -  ^ 

redistribution  (diffusion,  drift)  of  ^ 

induced  defects  in  samples  polarized  during  a 
previous  measurement.  Long-time  aging  (- 
Lads  to  a  similar  result,  as  annealing  in  the  same 
kind  of  samples.  Measurements  of  the  complex 
dielectric  permeahiiits  of  /-irradiated  samp  es 
suggesi  there  is  a  decay  of  the  most  prubabU 
relaxation  tre.piencs  of  t  lo-  di  e  I  ect  ri  c  polarization 
witt,  aging  (151  (%5-,Ct/r(Af4;;, 


wavalangh  A.ntn 


FIGURE  6.  Optical  density  difference  AD  vs. 
wavelength:  a)  of  PLZT  10/65/35  irradiated  by:  1  - 
neutrons  (2.10^®  n/cm^);  2  -  electrons  (8, A. 10^^ 
electr./car):  3  -  f-rays  and  neutrons  (5.10’  rad; 
2.10^P  n/cm^);  A  -  f-rays  (9.10®  rad.);  sample 
thickness  d=0,3  mm; 

b)  of  PLZT  9,75/65/35  irradiated  by  neutrons  (fluence 
10^®  n/cm^  (1)  and  annealed  up  to:  2  -  165“C;  3  - 
192°C  ;  A  -  220°C;  5  -  27A‘>C  (2  deg/min);  d=0.25  inmj 

c)  of  PSN,  irradiated  by  neutrons  (fluence  5.10*^ 
n/cm^)(l)  and  annealed  up  to:  2  -  165°C;  3  -  192°C:  A 
-  220°c:  5  -  27A°C  (2  deg/min):  d  =  0.25  mm. 


137 


Cone  1  us  lull 


FIGURE  7.  Dependence  of  the  change  of  full 
polarization  in  neutron-irradiated  samples  of  PLZT 
4.5/65/35  at  E=15  kV/cm  (1,2)  and  PLZT  9,75/65/35  at 
E=13  kV/cm  (3,4)  on  annealing  temperature  (2  deg/min) 
for  doses  of  5.10*^  n/cm^  (1.3)  and  10^®  n/cm^  (2,4); 
d=l  mm. 


FIGURE  8.  Formation  of  hysteresis  loops 
irradiated  by  neutrons 


in  PLZT 
(f luence 


6/65/35  ceramics,  irradiated  by  neutrons  (tluence 
5.10'^  n/cm^)  at  repeated  switching  of  the  applied 
field  E  =  15  kV/cm;  T=20‘’C.  Samples:  thermally 

depolarized  -  upper  curve;  electrically  polarized  - 
lower  curve  during  its  irradiation;  d  =  1  mm. 


In  the  applications  considered  above  the  modified 
lead-containing  perovskite  compounds  are  used  in  the 
form  of  plates  (thick  films)  about  U.  J  aim  thick  cut 
from  bulk  ceramic  bulbs.  Some  of  them  holding  a 
strong  position  in  the  field  as  tfiey  are,  the 
knowledge  obtained  in  search  for  modified 
compositions  and  comprehensive  studies  of  their 
structure  and  properties  are  regarded  as  a  good  basis 
for  thin  film  product  development  being  of  current 
interest  and  more  attractive  in  many  of  appl icat ions . 
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Lanthanum  perovskile  cunipounds,  La(B*i/2B‘'i/2)03 
(Bl=Ni,  Co,  Mg;  B"=Ti),  are  studied  as  a  candidate  for 
stabilizers  to  form  perovskite-type  Pb(Zni/3Nb2/3Xi3  (PZN)- 
based  ceramics.  A  conventional  sintering  technique  is  utilized 
to  prepare  the  ceramic  samples  with  PZN-based  solid  solution. 

The  ratios  of  the  perovskite  phase  to  the  pyrochlore  phase 
were  more  than  90  %  at  10  mol%-modification  of 
La(Ni,/2Ti  1/2)03  (LNT),  La(Mg,/2Ti,/2)03  (LMT)  or 
La(Coi/2Tii/2)03  (LCT).  Effects  on  suppression  of  the 
pyrochlore  phase  in  these  ceramics  are  evaluated  for  the 
dielectric  and  electrostrictive  properties. 

The  transverse  electrostrictive  strain,  5| — O.TSxlO""*, 
is  induced  by  electric  field  of  30  kV/cm  in  the  thickness 
direction  in  the  5  mol%-LNT  modified  PZN-based  ceramics. 

The  magnitude  of  strain  is  a  little  small  but  the  strain  hysteresis 
is  very  small  as  compared  with  those  of  piezoelectric  ceramics. 

1.  Introduction 

Relaxor  ferroelectrics  which  consist  of  lead-based  complex 
compounds  show  indistinct  Curie  points  at  the  phase  transition 
between  the  ferroelectric  and  paraelectric  phases,  i.e.,  they  exhibit  a 
diffuse  phase  transition.  Among  a  lot  of  relaxor  ferroelectrics,  lead 
zinc  niobate,'  Pb(Zni/3Nb2/3)03  (abbreviated  to  PZN),  with 
perovskite  structure  displays  the  highest’  Curie  temperature,  Tq,  of 
140  °C.  The  crystal  structure  is  a  rhombohedral  symmetry  with  lattice 
constants  of  a=4.061  A  and  <t=89°55’  at  room  temperature.  The 
PZN  system  is  promising^-’  for  various  dielectric,  piezoelectric  and 
electrostrictive  applications,  because  PZN  shows  a  large  maximum 
dielectric  constant  at  Tq,  and  exhibits  excellent  dielectric  and 
piezoelectric  properties.  However,  the  ceramics  of  PZN  compounds 
prepared  by  the  usual  sintering  process  have  a  pyrochlore  structure  in 
which  applications  to  dielectric  and  piezoelectric  materials  are 
inactive. 

Various  modified  sintering  methods  have  been  proposed  to 
form  perovskite  PZN  ceramics.  In  one  of  them,  many  kinds  of 
metallic  ions  are  substituted  for  part  of  the  Pb^'*’  and  Zn^"*"  ions  in 
PZN  to  introduce  a  strong  ionic  bond.  A  single-phase  perovskite 
structure  can  be  produced  by  substituting,  for  example,  6  mol%- 
BaTi03-modified'*  or  10  mol%-lCNb03-modified5-6  PZN. 

In  this  paper,  several  lanthanum  perovskite  compounds,^ 
La(B’i/2BRi/2)03  (B'=Ni,  Co,  Mg;  B"=Ti),  are  studied  to  stabilize 
the  perovskite-type  Pb(Zni/3Nb2/3)03  (PZN)-based  ceramics  which 
were  prepared  by  modification  of  the  lanthanum  perovskites  as 
follows: 

(l-.«:)Pb(Zn,/3Nb2/3)03  -xL.a(Ni,/2Ti  1/2)03  (LNTI0(k],8 
(l-x)Pb(Zn,/3Nb2/3)03  -xU(Mg,/2Ti,/2)03  [LMTlOQx]  and 
(l-x)Pb(Zn,/3Nb2/3)03  -xLa(Co,/2Ti,/2)03  [LCriOQx], 
where  the  brackets  (  ]  show  the  respective  abbreviations  of  the  solid 
solutions.  The  effects  on  sunnressinn  of  the  pyrochlore  phase  were 
studied  on  the  dielectric  and  electrostrictive  properties. 


2.  Sample  Preparation  and  Experiments 

PZN-based  ceramic  samples  were  prepared  by  a  conventional 
sintering  technique.  Reagent-grade  (>  99  %)  oxide  powders  of  PbO, 
ZnO,  Nb205,  1^,03,  NiO,  MgO,  CoO  and  Ti02  were  used  as  the 
starting  materials.  The  constituents  were  dried  prior  to  weighing. 
Weighed  raw  materials  were  mixed  in  a  polyethylene  pot  with  agate 
balls  or  zirconia  balls  and  acetone  for  10  hours.  After  drying,  the 
mixture  was  calcined  at  800  °C  for  1—2  hour.  The  calcined  material 
was  ground  and  ball-milled  again  for  20  hours.  The  dried  powder 
was  granulated  with  polyv!.iyl  alcohol  solution  as  a  binder,  and  then 
pressed  into  disks  20  mm  in  diameter  and  about  1—1.5  mm  in 
thickness.  The  disks  were  sintered  in  a  capped  MgO  crucible  to 
prevent  evaporation  of  PoO  during  the  sintering  process  at  1050  °C 
for  2  hours  in  air  after  burning  out  the  binder  at  500  °C  for  3  hours. 

The  crystalline  structure  was  examined  by  an  X-ray  powder 
diffraction  technique  using  CuKu  radiation.  After  cutting  and 
polishing  of  0.2— 0.5  mm  in  thickness,  fired-on  silver  paste  was  used 
as  the  electrodes  for  electrical  measurements. 

The  temperature  dependence  of  the  dielectric  constant,  Ej.  and 
dielectric  loss  tangent,  tan6,  were  measured  at  10  kHz,  100  kHz  and 
1  MHz  using  an  automated  dielectric  measurement  system  with  a 
multifrequency  LCR  meter  (VHP  4275A)  in  the  temperature  range  of 
-80—200  °C.  The  D-E  hysteresis  loop  was  observed  using  a  standard 
Sawyer-Tower  circuit  at  50  Hz. 

Electrostrictive  measurements,  that  is,  strains  under  the  applied 
electric  field,  were  measured  by  a  standard  strain  gauge  method. 
Variation  of  resistance  was  measured  using  a  Wheatstone  bridge 
because  resistance  of  the  strain  gauge  attached  to  the  sample  varies  in 
proportion  to  the  strain  (A//f)  induced  by  an  applied  electric  field  in 
the  sample. 

3.  Results  and  Discussion 

3. 1  Suppression  of  pyrochlore  phase 

Figure  1  shows  the  X-ray  powder  diffraction  patterns  of 
La( N i j y2*f't  1 72)^3  (LNT),  La(Mg]/2Ti  1/3)03  (LMT)  and 
La(Co I /zTi  1/2)03  (LCT)  ceramics,  which  all  have  a  single  phase  of 
perovskite  structure.  The  Galasso’s  book^  includes  the  data  on  LNT 
and  LMT,  but  no  data  on  LCT 

Figure  2  shows  the  X-ray  diffraction  patterns  for  the  solid 
.solution  of  the  (1 -x)Pb(Zni/3Nb2/3)03  (PZN)-jr  La(Nij  izTi  j  ,-,)03 
(LNT)  [LNTlOOx].  The  pattern  of  PZN(LNTO)  indicates  a 
pyrochlore  structure,  however,  the  intensity  of  the  perovskite  pha.se 
in  the  system  [LNTlOOx]  increases  as  the  LNT  content  (x) 
increases.  The  intensities  of  X-ray  diffraction  patterns  were  used  to 
determine  the  amount  of  perovskite  phase  present  in  each 
composition.  The  ratio  of  relative  intensities,  fpfrRo  ^PYRO- 
the  (110)  perovskite  peak  and  the  (222)  pyrochlore  peak. 
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Fig,  1  X-ray  diffraction  patterns  of  La(Ni,;2Ti|y2)Oj  (LNT), 
(LMT)  and  La(Co,y2Ti, 12)03  (LCF)  ceramics. 

respectively,  was  used  to  yield  the  volume  percentage  of  the 
perovskite  phase  as  follows: 

Perovskite  phase  [‘/o\  =  /pi-RQ  x  UHI  /  (  ^ppRo+fpYRo  )■ 

Figure  .3  .shows  the  volume  percentage  of  the  perovskite  phase  in 
PZN-l,NT,  PZN-LMT  and  PZN-LCT  systems  as  a  function  of  the 
mole  percentage  of  modified  LNT,  LMT  or  LCT.  The  ratio  of  the 
perovskite  phase  to  the  pyrochlorc  phase  continuously  increases  as 
the  mole  percentage  up  to  15  mol%  of  LNT,  LMT  or  LCT  increases. 
For  example,  the  perovskite  ratio  of  LNT5  (a=().()5  in  the  PZN- 
LNT  system),  with  measured  density  ratios  above  90  %  to  the  X-ray 
theoretical  density,  reaches  75  %.  The  rale  of  increa.se  of  the 
perovskite  pha.se  was  small  for  the  amount  of  x  over  0.05,  and 
finally  reached  96  %  atar=0. 15  with  a  saturated  trend. 

The  reason  why  the  perovskite  phases  increase  as  the 
increasing  of  the  lanthanum  perov.skiles  is  that  eleertonegativity 
differences,  Ax=(Xa-0'*'Xb-o)/2,  of  lanthanum  perovskites  are  larger 
than  that  of  PZN,  where  Xa-O  eleertonegativity  difference 
between  the  A-site  cation  and  oxygen,  and  Xb-O  •he  eleertonegativity 
difference  between  the  B-site  cations  and  oxygen,  while  tolerance 
factors,  r  =(ry3-i-rQ)/((r0+ro)V2),  of  them  are  smaller  than  that  of 
PZN,  where  r^,  rg  and  tq  are  the  re.spective  ionic  radii.  Both  Ax 
and  r  are  necessary  to  be  larger  for  the  perovskite  structure.  The 
lattice  constants  determined  by  X-ray  diffraction  patterns  decreased 
as  the  La  content  increa.sed,  because  the  ion  radius  of  La-^'*'  was 
smaller  than  that  of  Pb^*. 

3 . 2  Dielectric  properties 

Figure  4  shows  the  temperature  dependence  of  Ej;  and  tanS  of 
LNT4,  LNT5,  LNT6,  LNT7  and  LNTIO  at  10  kHz.  The 
temperature,  Zq,  of  maximum  Ej,  for  the  respective  LNTlOOjr  were 
50  °C,  33  °C,  -5  "Cj-l  1  °C  and  -44  °C,  respectively.  The  temperature 
of  the  E^  peak  depends  on  the  amount  of  modified  La  ions.  Similarly, 
the  temperature  of  incrcasing-up-tan6  shifted  to  lower  temperature  as 
l-a  ions  increased. 
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Fig. 2  X-ray  diffraction  patterns  of  (l-x)Pb(Zn,,3Nb2/3)03 
(PZN)  -a-La(Ni,/2Ti,/2)03  (LNT)  |LNTl(Kk)  (LNTO,  LNT3, 
LNT6  and  LNTIO). 
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Fig.  3  Volume  ratio  of  perovskite  phase  as  a  function  of  the 
amount  (x)  of  modified  LNT,  LMT  or  LCT. 


Temperature  dependence  of  the  reciprocal  dielectric  constant, 
I/Ej,  of  relaxor  ferroclectrics  usually  obeys  a  special  quadratic  law 
1/Es  «  (7'-ro)2, 

where  Tq  is  the  temperature  of  maximum  e^,  instead  of  the  normal 
ferroelectric  Curie-Wei.ss  law.  Figure  5  shows  temperature 
dependence  of  the  l/Cs  on  the  square  of  temperature  in  LNT4,  LNT5, 
LNT6,  LNT7  and  LNTIO  ceramics  measure,!  at  lOkHz,  indicating  to 
obey  the  temperature-square’s  law. 

Figure  6  shows  temperature  dependence  of  the  e^  and  Ian6  in 
LNT5  measured  at  lOkHz,  lOflkHz  and  IMHz.  The  maximum  of  e^ 
was  shifted  to  higher  temperature  as  the  measured  frequency 
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Fig.  4  Temperature  dependence  of  dielectric  constant,  tj,  and  loss 
tangent,  tan6,  in  the  (l-^)PZN-;t  LNT  [LNTlOOa:]  (LNT4, 
LNT5,  LNT6,  LNT7  and  LNTIO)  measured  at  lOkHz. 

X  lO'* 


<T-TJ*  [IC']  xi0‘ 

Fig,  5  Temperature  dependence  of  reciprocal  dielectric  constant, 
I/Ej,  on  the  square  of  temperature  in  LNT4,  LNT5,  LNT6,  LNT7 
and  LNTlO  at  lOkHz  . 


increased.  An  increase  in  frequency  by  one  order  of  magnitude  leads 
to  a  shift  in  the  maxima  by  about  10  “C.  These  solid  solutions  which 
consi.st  of  PZN  and  lanthanum  perovskites  as  the  end  members  seem 
to  be  a  ferroelectric  with  disordered  perovskite  structure  because  of  a 
typical  case  with  a  diffuse  phase  transition  characterized  by  a  broad 
peak  and  a  remarkable  frequency  dispersion  in  the  temperature 
dependence  of  the  Ej. 

3.3  D-E  hysteresis  loop 

Weak  D-E  hysteresis  loops  could  be  observed  at  room 
temperature  in  some  LNTlOOx  system  while  the  e^  peak  is  seen 
below  room  temperature.  Figure  7  shows  D-E  hysteresis  loops  of 
LNT4,  LNT5,  LNT6,  LNT7  and  LNTIO  at  10  °C,  respectively.  The 


Temperature  [*0] 

Fig.  6  Temperature  dependence  of  Ej  and  tanb  at  lOkHz,  lOOkHz 
and  IMHz  in  0.95PZN-0.05LNT  [LNT5]  ceramics. 


spontaneous  polarization  of  LNT5  did  not  fall  to  zero  over  the 
temperature  range  of  the  e^  peak.  The  coercive  force,  E^,  and 
remanent  polarization,  Pj,  were  3.4  kV/cm  and  2.5  |iC/cm^  at  room 
temperature  in  LNT5,  respectively,  whose  values  were  smaller  as 
compared  with  those  of  piezoelectric  PZT  ceramics. 

3.4  ’■  .ectrostriciive  properties 

iTie  transverse  strain,  5],  induced  by  an  applied  electric  field 
in  the  thickness  direction,  was  measured  at  room  temperature  under  a 
driving  frequency  of  about  0.07  Hz.  The  strains  of  LNT5,  LNT6, 
LNT7  and  LNTIO,  as  a  function  of  the  applied  electric  field  are 
shown  in  Fig.  8.  Negative  values  of  the  strain  signify  the  direction  of 
shrink.  The  strain  value,  5j=-0.30  and  -0.75  x  10'4,  in  PZN-LNT5 
was  obtained  under  the  applied  electric  field,  £3,  of  20  and  30 
kV/cm,  respectively.  The  calculated  effective  piezoelectric  coefficient, 
1/3),  theoretically  defined  as  6Sj/6£3,  was  -45  x  10‘*2  mA^  at  the 
applied  electric  field  of  20—30  kV/cm.  The  magnitude  of  strain  in 
LNTIO  was  small  but  the  strain  hysteresis  was  very  small  as 
compared  with  that  of  LNT5  and  LNT6,  whose  strain  hysteresis 
corresponded  to  the  respective  D-E  hysteresis  loops. 

Figure  9  shows  temperature  dependence  of  the  strain,  5],  at 
18  and  30  kV/cm  in  LNT5  and  LNT6.  Thi-  temperature  coefficient  of 
strain,  were  less  than  -1  %/°C. 

4.  Conclusions 

Lanthanum  perovskites,  La(B'j/2B"i/2)03  (B'=Ni,  Co,  Mg; 
Bl'=Ti)  are  used  for  the  stabilizations  to  Pb(Zni/3Nb2/3)03  (PZN) 
ceramics  resulting  in  the  perovskite  structure.  The  modification  of 
around  10  mol%  La(Ni|^Tij^03  (LNT),  La(Mg,  /2Tii/2)03  (LMT) 
or  La(Coy2Tii/2)®3  (^CT)  are  more  effective.  The  ratios  of  the 
perovskite  phase  to  the  pyrochlore  phase  of  the  PZN  ceramics  with 
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Fig.  7  D-E  hysteresis  loops  of  LNT4,  LNT5,  LNT6,  LNT7  and 
LNTIO  at  10  °C  (50Hz). 
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Fig.  8  The  transverse  strain,  5],  induced  by  electric  field  in  the 
thickness  directions  of  LNT5,  LNT6,  LNT7  and  LNTIO. 


Fig. 9  Temperature  dependence  of  strain,  5),  of  LNT5  and 
LNT6  at  18  kV/cm  and  30  kV/cm,  respectively. 


10  mol%  LNT,  LMT  or  LCT  modiflcalion  were  more  than  90  %. 

PZN-based  ceramics  with  LNT,  LMT  or  LCT  modification 
appear  to  be  applicable  for  use  as  electrostrictive  materials  with  little 
strain  hysteresis  and  high  temperature  stability  in  the  vicinity  of  room 
temperature. 

A  part  of  this  work  was  supported  by  the  Ogasawara  Science 
and  Technology  Foundation. 
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ABSTRACT 

The  hysteresis.  dielectric  and 
piezoelectric  properties  of  the  ternary  0.5 
PMN  -  0.5  PZT  ceramics  with  Ag  substitution 
are  described.  These  ceramics  show  good 
square  hysteresis  loops  and  hence  are 
promising  for  thin  film  memory  applications 
At  high  Ag  concentrations  the  dielectric 
loss  decreased  indicating  an  Increase  in 
the  ordering  of  the  structure.  There  is 
remarkable  increase  in  the  piezoelectric 
properties  particularly  the  thickness 
coupling  factor  and  the  piezoelectric 

charge  coefficient,  d33- 

IMTRODOCTION 

The  solid  solution  of  the  system  PZT 
(Lead  Zirconate  Tltanate)  near  the 
morphotroplc  phase  boundary  are  widely  used 
in  electronic  devices  (1,2)  because  of  its 
excellent  piezoelectric  properties.  The 
ternary  compound  Pb  (fJlg  ^^3 

(zrj_^Tl^)02  near  the  morphotroplc  phase 
boundary  (3)  form  a  solid  solution  of  the 
perovskite  structure  and  has  high 
dielectric  constant  and  planar  coupling 
coefficients.  The  addition  of  transition 
n'etal  oxides  promiotes  den  si  f  1  ca  1 1  on  . 
Higher  planer  coupling  coefficients  are 
reported  (A)  with  the  addition  of  NiO.  The 
mioiphot  ropl  c  phase  boundary  shifts  (5) 
towards  the  higher  PbTlO,  content  when  Ba 
or  Sr  is  added  to  the  composition. 

The  hysteresis  behaviour,  dielectric 
and  piezoelectric  properties  of  the  0.5  PMN- 
0.5  PZT  modified  with  Ag  near  the  morpho- 
tropic  phase  boundary  ere  presented  in  this 
paper . 

EXPERIMEHTAL  PROCEDDRE 
Sain>le  preparation: 

The  ceramic  compositions  were  prepared 
from  the  high  purity  PbO ,  MgO ,  Nb^O^,  TIO^, 
and  Ag20  of  reagent  grade.  The 
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preparation  of  these  ceramics  is  very 
difficult  due  to  the  narrow  sintering 
temperature  range  of  PMN  and  the  formation 
of  pyrochlore  phase  of  Pb2Nb20y.  To  avoid 
the  pyrochlore  phase  formation,  a  method  is 
developed  (6)  in  which  the  coulonblte 
precursor  of  (MgNb2)Og  is  prepared  first 
and  then  the  precursor  is  trilxed  with  PbO  to 
prepare  Pb (Mg j^2Nb2^2 •  Hence  the 
constituent  materials  are  taken  and  the 
precursoi  is  prepared  first  by  calcining  at 
700°C  for  A  hrs.  Then  the  other  materials 
are  mixed  with  this  precursor  and  the 
usual  procedure  of  calcination  and 
sintering  is  followed.  The  calcination  end 
sintering  condition  for  preparing  the  PMN  - 
PZT  ceran>Ics  are  SSO^'c  for  3  hrs  end  1225  * 
125o'’c  for  A  hrs  respectively. 

The  sintered  pellets  were  pollsheo’  and 
es  fired  sliver  paint  was  applied  on  both 
the  faces  of  the  pellets  for  electrical 
contacts  and  fired  at  500°C  for  1  hr. 

Poling :  For  plezolectrlc  measurements  and 
hysteresis  behaviour  the  sintered  pellets 
were  poled  by  applying  high  electric  fields 
of  20  KV/cm  for  1  hr  at  elevated 
t emp eretuies  In  silicon  oil. 

Hysteresis  behav lour  and  microscopy : 

The  hysteresis  behaviour  of  the 
ceram^ic  compositions  is  studied  by  using 
the  modified  Sawyer  -  Tower  circuit  (7). 
The  values  of  remienent  and  saturation 
polarisation  and  coercive  field  are 

obtained  from  the  hysteresis  loops.  The 

n-lcroscopy  studiee.  of  the  prepared  ceiamli; 
conipositlons  is  done  by  using  Philips  SEM 
model  520M.  The  grain  size  of  the  ceieirlc 
compositions  is  deteinined  by  linear 

intercept  method. 

Piezoelectric  measurements : 

The  piezoelectric  coupling 

coefficients  of  the  ceran'lcs  samples  are 
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dct ctniinfed  by  the  icscnance  ant  1  resonance 

technique  (8)  using  HP  inipecJence  analyser 

trodel  fcl£2A.  The  piezoelectric  coefficients 

neasuied  are  K  ,  K. .  d,,,  d,,  and  g-,.  The 
p  t  33  31  ■'31 

coefficient  d,^  measured  by  using  the 

Berllncourt  d^^  meter. 

The  Curie  temperature  of  the  ceramic 
compositions  is  determined  from  the  peak  of 
dielectric  constant  ^  temeperatuie  curve. 

RESULTS  AND  DISCDSSIOH 
Because  of  the  volatilization  of  PbO  at 
high  tenperatures  and  the  narrow  sintering 
range  of  PMN ,  it  is  very  difficult  to  obtain 
good  c.eramlcs  in  the  PMJ  -  PZT  system. 
Using  the  couloniblte  precursoi  method  the 
follov^ing  ceramic  composition  were  prepared 
and  studied. 

Pbj.xAg2^U^gi/3Nb2/3)o.5(Zro55Tio, 3)0.503 

Where  x  =  0,  0.005,  0.010  and  0.015. 

The  density  of  the  PMN  *  PZT  cerandcs 

increases  v/ith  the  introduction  of  Ag  in  the 

A  sites  of  the  perovskite  type  ternary 

system.  But  with  increase  in  Ag  the  density 

reniains  almost  the  same. 

The  SE^s  of  the  cerenic  compositions 

revealed  liquid  phase  at  the  grain 

boundaries.  Monovalent  Ag  substitution  in 

PMN  -  PZT  ceramics  proniotes  the  grain 

growth.  The  grain  size  Increases  slightly 

in  0.5  PMN  -  0.5  PZT  with  the  introduction 

of  1  mole  %  Ag  and  then  decreases. 

The  hysteresis  behaviour  In  the  ternary 

PMN  -  PZT  system  is  being  reported  for  the 

first  time.  In  0.4  PMN  -  0.6  PZT 

coniposltlons  hysteresis  loop  attains  (9) 

saturation  only  for  the  1  mole  %  Ag  added 

composition.  But  for  0.5  PMN  -  0.5  PZT. 

saturation  is  attained  for  the  undoped 

composition  also.  In  this  compositions 

P^  and  P^  increase  v/lth  increasing  Ag 

content.  There  is  ,%  slight  increase  in  the 

coercive  field  F.  .  The  variation  of  P_,  P 
c  r  s 

and  with  Ag  content  in  0.5  PMN  -  0.5  PZT 
ceramics  is  shown  in  Flg.l.  The  composition 
with  ?  mole  %  Ag  exhibits  naxlmuni  P^  grid  P 


and  minimuni  dielectric  loss.  P  attains  a 

2  * 

maxiiKun  value  of  42  C/cm  .  This  Indicates 
that  the  orientation  of  domains  increases 
with  increasing  Ag  content. 


Ag  eontent(mole*y'^) 

Fig.  1  Variation  of  P^,  P^  and  F  with  Ag 
content  in  0.5  P^«^  -  0.5  PZT  ceramics 


Fig.  2.  Hysteresis  loop  of  Ag  added  0.5  PNW- 
0.5  PZT. 

Most  of  this  compositions  show  excellent 
square  hysteresis  loops  (Fig. 2),  smaller 
coercive  field  and  large  remanent 
polarisation.  As  such,  these  will  be 
pron>islng  for  thin  film  nemory  applications. 

With  the  introduction  of  Ag  in  0.5  PMN- 
0.5  PZT  ceramics  the  room  temperature 
dielectric  constant  Increases  and  the  ferro¬ 
electric  Curie  temperatures  decreases  and 
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— »-  TfmpfrHijfr(  C  ) 


Fig.  3.  Variation  of  diolectrlc  constant  of 
Ag  doped  0.5  PMN  -  0.5  PZT  ceiand cs 

the  peak  dielectric  constant  decreases.  But 

as  the  Ag  ccn  cent  rat  1  on  Is  Ircieased 

increased.  The  dielectric  constant  vs 

ten'perature  curves  (Fig.  3)  shows 

diffusiveness  only  for  the  1  nole  %  Ag  added 

coiTposl  1 1  on  .  Surprisingly  with  increasing 

Ag,  the  dielectric  constant  curves  becoit'C 

sharper  indicating  an  increase  in  the  degree 

of  ordering  in  the  structure.  Tn  other 

Pk'li  -  PZT  systems  also  (S)  only  1  P'Ole  %  Ag 

composition  exhibits  diffusive  nature.  The 

dielectric  loss  is  also  considerably  lowered 

witi’  Ag  content.  Similar  behaviour  was 

reported  (10)  in  La  doped  PMN  -  PT . 

Maxlmu  values  of  K  .  K,.  .  d_,,  d,„  and 

p  t  oi  33 

g,^  ate  obtained  in  the  0.5  PtW-O.SPZT 

coiupcbition  with  Ag  substitution  than  in 

other  series  (9).  Ti:e  variation  of  these 

coefficients  with  Ag  content  in  the  base  0.5 

PMN  -  0.5  PZT  is  shown  in  Fig.  4.  Both  the 

coupling  factors  K  and  K,.  reaches  n'axlr-.um 
p  t 

values  of  42.6  %  and  32.. 5  %  respectively  for 
the  1  mole  ^  Ag  substituted  cotrvposl  t  i  on . 
The  thickness  coupling  factors  is  alnost 
doubled  with  introduction  of  Ag  in  Pf.TI-PZT. 
Probably  Ag  conrponsetes  for  Fb  losses  at 


Aj  c«ntent(mel»  */.) 


Ag  content  (noleX) 


1^1  S  •  A*  Variation  of  piezoelectric 
properties  of  Ag  doped  0.5  PMN-0.5  PZT 
ceraml cs 

higher  temperatures.  MaxlAxim  piezoelectric 
coupling  coefficients  d,,^  of  162.0  pC/N  and 
^31  6.17  V  -  m/N  are  obtained  lor  the  1 

mole  X  Ag  added  connpcsitions .  But  d 

3  3 

coefficients  shews  an  optimum  value  of  302 
pC/fi  for  the  2  niole  *  Ag  added  conpositlon. 
This  Incilcates  that  the  Ag  addition 
facilitates  Increase  of  non  I80'’  domains  in 
the  0.5  PNW  -  0.5  PZT  conpcsl 1 1  one . 
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COMCLOSIOIIS 


1.  Ag  may  be  compensating  for  the  Pb  losses 
at  higher  temperatures.  This  Is  reflected 
In  the  very  low  dielectric  losses  In  Ag 
substituted  compositions. 

2.  and  P^  are  maximised  with  Ag 
Introduction  In  0.5  PIW  -  0.5  PZT  ceramics. 

3.  Dielectric  constant  curves  exhibit 
diffusive  nature  only^orl  mole  X  Ag 
substituted  composition.  The  curves  for 
other  concentrations  are  sharp.  Indicating 
Increased  ordering  In  the  structure. 

4.  Introduction  of  Ag  In  PMN  -  PZT  ceramics 
leads  to  peak  K  ,  K.  and  d__  values. 

P  b  O  w 
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Abstract:  Lead  magnesium  niobate  (PbfMgi/yNbs/ylOj-PMN >- 
lead  titanaie  (PbTiOy-PT)  solid  solutions  are  widely  researched  to 
produce  devices  that  can  be  used  in  low  and  high  electric  field 
applications.  For  some  applications,  such  as  medical  ultrasonic 
transducers,  it  is  necessary  to  prepare  the  ceramic  with  high  density 
and  small  average  grain  size.  This  paper  describes  the  effect  of 
grain  size  on  the  low  and  high  field  properties  of  0  90PMN-0.  lOPT 
ceramics.  To  prepare  highly  dense  ceramic,  vibratory  and  attrition 
milled  powders  were  sintered  between  1(KK)-12.50'C.  The  average 
grain  sizes  of  the  sintered  ceramics  varied  from  0.7  to  3.5  pm.  To 
understand  the  grain  size  effect,  dielectric,  pyroelectric, 
electrostrictive,  and  induced  piezoelectric  properties  were  studied  . 

Introduction 

Relaxor  ferroelectric  materials  are  widely  .studied  for  their 
dielectric,  electrostrictive  and  induced  piezoelectric  properties.  In  the 
past  decade,  these  materials  were  used  in  a  variety  of  applications 
ranging  from  multi-layer  capacitors  to  ultrasonic  transducersll.2|. 
Takeuchi  et  al..|2|  investigated  the  effect  of  0.90PMN-0. lOPT 
ceramic  for  the  medical  imaging  in  the  1-3  configuration.  Because 
of  the  high  operating  frequency,  the  dimensions  of  the  'cylindrical' 
ceramic  posts  are  restricted  to  only  a  few  tens  of  microns  in  all 
directions.  To  manufacture  such  posts  reliably  and  reproducibly.  it 
is  necessary  to  use  high  density  ceramic  with  small  grain  size. 

The  grain  size  effect  on  the  low  and  high  field  properties  of 
PMN-based  ceramics  has  been  investigated  by  several 
re.seajchers|3-6|.  In  general,  the  properties  degrade  as  the  grain  size 
is  reduced.  For  example,  in  0.93PMN-0.07PT  ceramic,  the  peak 
dielectric  constant  drops  from  25,(K)0  to  ,5(HK)  when  the  average 
grain  size  is  reduced  from  5  pm  to  0.3  pm|5|.  The  size  effects 
observed  in  these  ceramics  were  attributed  to  the  extrinsic  and 
intrinsic  effects  such  as  pore  volume,  low-K  grain  boundary  phase, 
and  micropolar  domain  densities.  From  the  literature  survey,  it 
appears  that  the  properties  of  the  fine  grain  ceramic  can  he  improvetl 
by  minimizing  the  effect  of  extrinsic  variables  and  by  improving  the 
homogeneity. 

In  this  paper,  the  effect  of  average  grain  size  on  the  low  and 
high  electric  field  properties  of  0.90PMN-0.10PT  ceramic  is 
reported.  Ceramics  with  average  grain  sizes  ranging  from  0.7  to  3.5 
pm  were  prepared  from  vibratory  and  attrition  milled  powders. 
Low  field  properties  .such  as  dielectric  constant  and  high  field 
properties  such  as  P-E  hysteresis,  pyroelectric,  electrostrictive  and  a 
few  of  the  electric  field  induced  resonance  properties  were 
investigated  as  a  function  of  grain  size. 

Experimental 

Preparation 

To  prepare  the  ceramic  powder,  a  coulumbite  precursor 
technique  was  adopted[7|.  The  magnesium  niobate  precursor  was 
prepared  by  calcining  the  appropriate  mixture  of  MgO(J.T.  Baker, 
Phillipsburg,  NJ)  and  Nb^OjlTran.selco,  NJ)  at  1000'C/5h  and  then 
at  I  IOO‘C/5h.  Tlie  completion  of  reaction  and  the  phase  purity  were 


checked  by  comparing  the  XRD  pattern  with  the  JCPDS  standard. 
The  PMN-PT  batches  were  prepared  by  calcining  the  appropriate 
mixture  of  PbOtHammond.  Pottstown,  PA),  MgNbvO^,  and  TiOj 
(Whittake,  Clark,  and  Daniel.  South  Plainfield,  NJ)  powders  at 
900*C/5h.in  a  closed  alumina  cmcible.  To  vary  the  initial  average 
particle  size,  tlie  calcined  powder  was  subjected  to  the  following 
grinding  schedule  First,  the  powder  was  wet  ball  milled  in  alcohol 
in  a  naigene  bottle  with  ZrOi  grinding  media  for  24h.  After  drying, 
a  portion  of  the  powder  was  vibratory  milled(Sweco)  for  24h.  For 
vibratory  milling,  a  30  vol*)!  slurry  was  prepared  with  water  and  a 
few  drops  of  Tamol  901  was  used  as  a  dispersant  To  minimize 
contamination,  small  yitiria  stabilized  ZrOj  spheres  were  used  as 
inilliirg  media.  To  increase  the  surface  area  further,  a  small  portion 
of  the  vibratory  milled  slurry  was  attrition  milledlReliaitce)  for  an 
additional  24h.  The  ball  milled,  vibratory  milled,  and  attrition 
milled  powders  were  named  as  batch  A.  B,  and  C.  respectively 
The  ZrOs  contamination  level,  and  the  B  E  T.  surface  area  of  these 
powders  are  listed  in  Table  I . 

Tlie  dried  powder  was  granulated  with  5  wt%  of  Dupont 
52(K)  binder  in  acetone  media.  After  passing  the  mixture  through  a 
100  mesh  sieve.  1/2"  dia.  disks  were  cold  pressed  in  a  steel  die  with 
30.000-35.(8)0  psi  uniaxial  pressure.  The  binder  from  the  disks  was 
removed  by  a  two  .stage  heat  treatment  at  .300'C/3h  and  then  at 
5(8)‘C/5h  Tliese  pellets  were  sintered  in  a  closed  alumina  crucible 
at  KKK)- 1 250'C/I  -5h.  A  small  amount  of  PbG-ZrOs  mixture  was 
heated  along  with  the  pellets  to  control  the  lead  oxide  atmosphere 
inside  the  crucible.  All  the  sintered  samples  were  annealed  at 
9,50'’C/2h.  to  evaptirate  excess  PW.  The  weight  losses  during  these 
preparation  stages  were  monitored  accurately. 

Characterization 

llie  bulk  densities  of  the  sintered  specimens  were  calculated 
by  measuring  the  weight  change  in  Xylene.  The  grain  size 
di.stribution  was  analyzed  from  the  microstructures  of  fractured  ;uid 
polished  surfaces.  The  microstructures  were  recorded  using  ISI- 
DS130  Secondary  electron  microscope. 

Detailed  experimental  descriptions  of  dielectric,  pyroelectric. 
P-E  hysteresis,  and  electrostrictive  measurements  can  be  found  in 
Ref.8.  Dielectric  measurements  were  made  on  gold  sputtered  discs 


Table  I  Properties  of  Powder: 


A 

ZtOs 

impurity  (vvt%) 

0.67 

0.71 

1.03 

B.  E.  T.(m7/gm) 

Surface  Area 

1.29 

3-17 

15  46 
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while  cooling  troin  KMI'C  lo  -KMI'C  al  a  rale  of  2’t7inin  hoi 
pyroeletcric  measuremcrils,  ihe  eleclrodccl  samples  were  ciH>leil 
from  “iO'C  to  -75‘C  with  an  electric  fielil  of  10  KV/cin  Alter 
neuirali/ing  the  surface  charge,  Ihe  pyroelectric  current  was 
ineasureil  by  healing  Ihe  specimen  lo  50'C  al  4X7niin  bor  1*-E 
hysteresis  ami  iriuisverse  elecirostriclive  measurenieiils.  an  a  c 
Iriiuigular  field  of  ±  1(1  kVVcm  was  applied  al  a  frequency  of  0  I  M/ 

I  he  Inutsverse  strain  measurements  were  made  with  a  strain  gauge 
technique  By  ditferenlialing  F  vs  Ss  plots,  -dyi*  values  as  a 
function  of  electric  field  were  ciilculaled 

AC  impedance  measurements  were  [lertomied  on  ciicular 
disk  samples  of  t  <  0  f  mm  with  sputtered  silver  electrodes 
Resonance  curves  ot  conductance  (r,  and  resistance  R  of  the 
samples  al  various  biases  were  recorded  with  an  IIP  4iq4A 
impedance  analy/er  al  2,‘i'C  .Series  and  parallel  resonance 
fre(|uencies  f^  and  tj,  of  (hickness  resonance  mode  were  used  lo 
calculate  k,  with  the  equation  given  in  RefO 

Resuh.s:  ;ujd  DiscusMOit 

Physical  Propeilies 

The  density  ;uul  weight  loss  data  of  batch  B  ;uid  batch  C 
samples  are  listed  in  Table  2  In  general,  samples  sintered  at  lower 
temperatures  show  slightly  higher  density  due  lo  limned  grain 
growth  Among  the  two  hatches,  as  the  initial  average  particle  size 
of  C  was  lower,  it  sintered  to  comparatively  higher  densities  At 
higher  sintering  temperatures,  as  the  grain  growth  mechanisms 
dominate,  both  batches  sintered  to  simihu  densities  While  batching 
the  powders  tor  calcination,  lo  ensure  the  completion  ot  reaction. 
(<.5  wt'f  excess  PbO  was  added  But  after  sintering  and  annealing, 
higher  weight  losses  were  observed  l  i  able  2)  As  rejxirted  by  Wang 
:uul  .Scultz(6|.  our  sample  surfaces  also  showed  a  small  numlier  ot 
pyrochlore  grains  Since  the  pyrochlore  is  lead  deficient  in  nature, 
excess  PW)  is  evaporated  while  tuinealing 

The  polished  and  fractured  microstructures  of  a  few  of  the 
sintered  siunples  ;ire  reproduced  in  Fig,  1  The  mean  average  giain 
sizes  for  till  the  samples  are  listed  with  standard  deviation  in  Table  2 


Table  2,  Physical  Properties  of  the  ceramic 


Si.  Tern. 
•C/h 

wt.  loss 

% 

Density 

gm/cc 

%  Then 

Ave 

g  s.  turn) 

Bl 

"lootvT 

T28±0  04 

89.24 

B2 

10.50/1 

1,10 

8.(K1±0  02 

98  06 

1. 1+0,2 

BT 

11(K)/1 

1.10 

7.99+0.01 

97  94 

1.2±0.3 

B4 

1 150/1 

II  1 

7.98±0  02 

97.84 

1,3+0  3 

B.'i 

12(H)/I 

1.16 

7.96±0.03 

97.57 

l  ,7±0  5 

B6 

1250/1 

1  20 

7.90+0.02 

96.84 

2  2+0  8 

B7 

1 250/5 

I.T2 

7,83±0.03 

95.98 

3  3±l.3 

Cl 

1 000/1 

T).«^ 

7.9^0.03 

ll7.()^ 

0  7+0.2 

02 

1050/1 

0.99 

8.0()±0.03 

98  08 

1.0+0  3 

C.T 

IKKl/l 

1.03 

7.99±0.02 

97.94 

1  4+0.4 

04 

11.50/1 

1.06 

7.98+0  02 

97.82 

1  5+0.5 

05 

12(X)/1 

1.02 

7.94±0.02 

97.33 

1 .9+0.6 

06 

1250/1 

I.I3 

7.88±0.03 

96.59 

2  4±0.8 

07 

1250/5 

1.29 

7.8O±0.03 

96.51 

3.6±1.8 

I  ig  I  Tiaduieii  suilacesol  t'l  iuid  t'7 


T  able,!  Dielectric  Profienics  of  tlie  cetamic 
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46 
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!4 

B5 

17 
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45 
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!| 

B6 
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2885IH:790 

43 
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27 

B7 

3.3 

3318)0+550 

42 

0  0922 

01 

0.7 

1 3900+300 

48 

00474 

02 

1.0 

20800+360 

4! 

0  0725 

33 

03 

14 

23350+510 

42 

0  0792 

!2 

04 

15 

247(H)+420 

42 

0  080! 

!2 

05 

19 

2.54.50+810 

41 

1)  0795 

!() 

06 

2  4 

258(M)+720 

41 

00850 

29 

07 

3.6 

27450±300 

40 

00891 

Fig. 2.  FflecI  of  average  grain  size  on  K,,,,,,  T  he  dielecltic  constant 
was  compensated  for  porosity  w  iih  Weiner  s  nile 
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The  relevant  dielectric  projierties  iire  cnnipared  in  Table  ^ 
At  least  four  samples  were  used  to  calculate  the  percentage  change 
in  the  dielectric  constant.  Ihe  maximum  dielectric  coitstant 
after  compensating  for  porosity  with  Weiner  s  equationi  I0|.  is 
ploted  in  Fig. 2.  as  a  function  of  average  grain  size  Comparatively, 
the  of  the  samples  from  series  B,  changes  as  a  strong  function 
of  grain  size.  In  both  batches,  reduces  drastically  when  the 

grain  size  is  <lpm. 


High  Electric  Field  Properties 


The  effect  of  grain  size  on  the  P  vs.  T  behavior  is  compared 
in  Fig  3  and  4.  To  plot  tliese  figures,  the  polarization  was  calculated 
from  the  pyroelectric  current.  In  relaxor  ferroelectric  materials,  P 
vs  T  behavior  below  the  pyroelectric  depolarization  temperature.  Tj. 
reflects  the  degree  of  cohesiveness  among  macrodoniains.  Below 
Tj,  if  the  macrodomains  are  highly  stable.  AP  with  respect  to  AT 
will  be  small.  When  the  material  is  heated,  the  stable 
macrodomains  will  convert  into  microdoinains.  over  a  narrow 
temperature  interval  around  Tj.  In  our  investigation,  the  samples 
sintered  at  higher  temperatures  show  these  behaviors  very  clearly. 
When  the  sintering  temperature  is  reduced,  increasingly  large 
changes  in  P  with  respect  to  temperature  is  observed  below  'r,| 
More  over,  in  these  samples  the  macrodomains  transfonn  into 
microdomains  over  a  wider  temperature  around  Tj.  Careful 
analysis  of  P  vs.  T  behavior  points  out  the  importance  of  proper 
processing.  In  series  C  samples,  as  the  grains  were  grown  from 
finer  particles,  the  grain  size  effect  is  minimized. 

The  induced  polarization  and  the  transverse  stiain 
characteristics  of  the  fine  grain  samples  from  both  hatches  show' 
degradation  of  properties.  This  observation  is  clearly  demonstrated 
by  plotting  -di|*  vs,  E  field,  as  a  function  of  graiti  size  (Fig.  5  iuid 
6).  These  measurements  were  made  at  2.‘>‘C.  Wlien  tlie  grain  size  is 
above  ,3  pm,  a  maximum  -dr|*  of  about  500  pC/N  is  observed. 
When  the  grain  size  is  reduced,  the  magnitude  of  maximum  -dr|* 
reduces  with  an  increase  in  the  corresponding  electric  field. 

The  piezoelectric  thickness  coupling  coefficients  calculated 
from  the  re.sonance  curves  observed  at  different  d.c.  biases  are 
plotted  in  Fig.  7  ;uid  8.  These  measurements  were  made  at  25T' 
with  increasing  bias  voltages  In  both  batches,  coarse  grained 
samples  showed  increased  coupling  at  lower  electric  fields.  The 
absolute  values  of  coupling  coefficients  also  increased  as  (he  grain 
size  is  increased. 
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Fig.3.  Polarization  vs  Temperature  behavior  of  batch  B  smnples 


Temperature  (°C) 

Fig  4  Polarization  vs.  l  emperature  behavior  of  batch  C  samples 


K  Field  (V/CM) 


Fig. 5  F.ffective  transverse  piezoelectric  d  coefficients  of  batch  B 
samples;  calculated  fiom  electrostriction  data. 


E  Field  (V/CM) 


Fig. 6.  F.ffective  transverse  piezoelectric  d  coefficients  of  batch  C 
samples;  calculated  from  electrostriction  data. 
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Fig. 7.  Thickness  coupling  coefficienls  of  balch  B  samples  ai 
different  d  ^  bias  fields;  calculated  from  resonance  curves 
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Fig. 8.  Thickness  coupling  coefficients  of  batch  C  samples  at 
different  d.  c.  bias  fields;  calculated  from  resonance  curves. 

Discussion 

As  mentioned  in  the  introduction  section,  the  grain  size 
effect  in  the  properties  may  be  attributed  to  extrinsic  and  intrinsic 
variables.  In  the  present  samples,  through  careful  annealing  the 
effect  of  extrinsic  variables  are  minimized.  For  example.  B2.  B.^. 
B4  and  C2,  C3.  C4  samples  with  similar  weight  losses  and 
therefore  with  similar  second  phase  volume  at  the  grain  boundary, 
show  noticeable  differences  in  the  low  and  high  electric  field 
properties.  As  observed  in  all  the  properties,  large  grain  samples 
with  lower  density  show  better  properties  as  compared  to  fine  grain 
.samples  with  higher  densities. 

Careful  analysis  of  the  the  low  and  high  electric  field 
properties  show  clear  distinction  between  the  properties  of  series  B 
and  series  C  samples.  Slight  depression  of  T,„^,  and  Tj  in  series  C 
samples  may  be  attributed  to  the  higher  concentration  of  Zr4+  ions 
as  dopanti  1 1 1.  Considering  the  average  grain  sizes  of  all  these 
samples,  ranging  from  approximately  0.7  pm  to  only  3.3  pm.  it 
appears  that  the  sintering  temperature  also  influences  the  properties. 
From  the  surface  area  of  the  milled  powders,  the  equivalent 
spherical  diameter  of  the  series  B  and  series  C  powders  are 
calculated  as  0.23  pm.  and  0.047  pm,  respectively.  Comparing  the 
grain  sizes,  it  is  clear  that  the  series  C  samples  show  at  least  1 3 
times  growth  during  sintering.  Because  of  this  growth,  it  is 
hypothised  that  these  samples  are  more  homogeneous  as  compared 
to  series  B  samples.  Hence,  the  lesser  influence  of  the  average  grain 
size  on  the  low  ;uid  high  field  properties  of  series  C  samples  may  be 
attributed  to  higher  degree  of  homogeneity. 


In  this  paper,  the  dielectric,  pyrtielectric.  electroslrictive.  and 
the  induced  piezoelectric  properties  of  0  df)PMN-0  lOPF  ceramic 
are  compared  as  a  function  of  grain  size  Comparaiivels .  samples 
prepared  from  coarse  particle  compact  show  higher  gram  c‘?e 
dependance  When  the  average  gram  size  is  around  3  3  pm. 
irrespective  of  tlie  initial  powder  characteristics,  the  ceramic  show 
smiiiar  high  electric  field  properties  Ihrough  transverse  stiam 
measurements,  a  high  -d||*  of  3(M)  (>C7N  at  a  d  c  bias  ot  4t(MI 
V/cm  IS  observed  When  the  samples  were  prepared  from  very  tine 
powders,  the  magnitudes  ot  dr|*.  and  k,  ledtices  rmlv 

iiKKieraiely  as  the  grain  size  is  reduced  to  1  3  pm  Since  the  ettect 
of  extrinsic  variables  such  as  density  and  the  grain  boundary  phase 
ate  rnmunized  through  careful  preparation,  the  observed  grain  size 


Acknowledeenieiits:  Financial  support  from  Echo  lUtrasound  ot 
Reedsville.  PA  and  llie  Ben  Franklin  Partnership  Program  of  the 
commonwealth  of  PA  and  technical  support  from  Mingtong  Song 
are  gratefully  acknowledged 

References 


1 1 1  W.  Y.  Pan,  W.  Y  Gu.  D  J  Taylor  and  L  E  Cross,  "  LiUge 
Piezoelectric  effect  induced  by  Direct  Current  Bias  in 
PMN  PT  Relaxor  Ferroelectric,"  Jpn.  J  Appl.  Phys  .  4, 
(r6.33(iq8d) 

|2|  IT  Takeuchi,  IT  Masuzawa,  C  Nakaya.  and  Ito.  "Relaxor 
Ferroelectric  Transducers, "  19^0  IEEE  Ultrasonic 
Symposium,  Aomanic.  ph97-7')3  ( 1990). 

|3|  K.  Uchino.  M.  Tatsumi.  I,  llagashi.  and  IT  Hayashi.Jpn  J 
Appl.  Phys  .  24.  733-733  (1983) 

14|  T.  R.  Shroui,  U.  Kumar.  M  Megheri.  N  Yang,  and  S,  J 
Jang."  Grain  Size  Dependance  of  Dielectric  and 
Electrosiriction  of  PblMgi/jNbs/HOt  -based  ceramic," 
Ferroelectrics,  76.  479-83  ( 1987). 

|3|  P  Peppet,  J  P  Dougherty  and  T.R  Shrout, "Particle  and 
Grain  Size  Effects  on  the  Dielectric  Behavior  of  the  Rehuxot 
Ferroelectric  Pb(Mgi/tNbs/t)Ot."  J.  Mater  Res  ,  3(121, 
2902-2909  ( 1990)  (;uid  the  references  there  of  1 

(6)  IT  C  Wang,  and  W  A  Schultze."  The  role  of  excess 
magnesium  oxide  and  lead  oxide  in  determining  the 
microstructure  and  the  properties  of  lead  magnesium 
niobate."  J  Am  Cer  Soc.,  73(4)  823-32  (1990)  (and  the 
references  there  of) 

|7|  S.  Swartz  and  T.  R.  Shrout.  "Fabrication  of  Perovskile  Lead 
Magnesia  Niobate."  Mat  Res  Bull.,  17.  1243-1230(1982) 

(8|  U.  Kumar.  L  E.  cross,  and  A.  Halliyal."  Pyroelectric  and 
electrostrictive  properties  of  ( 1 -x-y)PZ.N.xBT.y  Pr  ceriunic 
solid  solution  system,"  J.  Am.  Ceram.  Sck.,  73(8 1.  p-2133- 
64(1992). 

19|  "IRE  standards  on  piezoelectric  crystals:  Measurements  of 
piezoelectric  ceramic. 1961".  Proc.  IRE,  49.  p  1161-1169 
(1961) 

(10)  D  F.  Rushman.  and  M.  A  Strivens."  The  effective 
pennittivity  of  two-phase  systems."  Proc.  Phys.  Soc  39.  p- 
101 1-1016(1947) 

(III  D.  J.  Voss.  S  L  Swartz  and  T.  R.  Shrout,"  Pyroelectric  and 
Electro.strictive  properties  of  B-site  modifications  on 
dielectric  and  electrostrictive  properties  of  lead  magnesium 
niobate  ceramics,"  Ferroelectrics,  .30,  p- 203-208  ( 1983) 


151 


EFtiXTIVE  ELECTROMECHANICAL  PHOPEIRHES  OF  SOME 
Pb(Mgl/3Nb2/3)03-PbTi03-(Ba,Sr)Ti03  CERAMICS 


S.  M.  Pilgrim,  A.  E.  Bailey,  M.  Massuda,  J.  D.  Prodey,  and  A.  K.  Sutherland 
Martin  Marietta  Laboratories.  1450  South  Rolling  Road,  Baltimore,  MD  21227 


Abstract-  A  number  of  Pb(Mgi/3Nb2/3)03-based 
materials  were  characterized  to  determine  the 
effects  of  temperature  on  their  induced  strain 
and  hysteresis  properties.  Simultaneous 
determination  of  the  transverse  and  longitudinal 
properties  allows  the  calculation  of  both  an 
effective  Poisson  ratio  and  an  effective 
hydrostatic  d  coefficient.  One  composition 
showed  significant  variation  in  the  effective 
Poisson  ratio  (0.28  to  0.40)  across  the 
temperature  interval  0  to  40°C.  The  large, 
effective  hydrostatic  coefficients  (up  to  300 
pC/N)  combined  with  the  high  permittivity  of  the 
materials  provide  potential  for  use  as  a 
hydrostatic  sensor. 

I.  Introduction 

This  paper  addresses  the  effective  piezoelectric 
properties  of  PMN-X  (lead  magnesium  niobate  solid 
solutions  with  lead  titanate  (PT)  and  either  barium 
titanate  (BT)  or  strontium  titanate  (ST))  as  an  enabling 
material  for  various  electromechanical  applications.  In 
essence,  the  PMN-X  materials  are  electrostrictors  that 
provide  higher  output  from  a  given  volume  or  given 
output  from  a  smaller  volume  than  conventional 
piezoelectrics.  Like  all  electrostrictors,  the  PMN-X 
materials  show  a  quadratic  dependence  of  strain  on 
electric  field  and  have  "Curie"  temperatures  (Tmax) 
below  the  use  temperature,  where  Tmax  is  defined  as  the 
temperature  of  maximum  relative  permittivity,  Kmax- 
They  have  minimal  remanent  polarization  and  therefore 
do  not  exhibit  piezoelectric  creep,  long-term  depoling,  or 
permanent  property  change  from  temperature  excursions 
(<~600°C).  T^e  electrostrictive  ceramics  described  in 
this  report  are  chemically  and  physically  similar  to  the 
Pb-based  materials  which  are  in  commercial  use  for 
multilayer  capacitors  and  to  the  conventional  lead 
zirconate-titanate,  lead  titanate,  and  piezoelectric  PMN 
ceramics  in  use  by  the  Navy  [1, 2,3,4],  They  are  demse 
(p=~8.0  g/cm3),  but  prone  to  mechanical  failure  in 
tension.  However,  they  combine  the  modulus  of 
conventional  ceramics  with  a  very  large  induced  strain 
(usable  values  of  >600  microstrain)  and  low  hysteresis 
[5,6|. 


Although  such  desirable  properties  have  been 
reported  in  the  literature  for  a  wide  variety  of  Pb-based 
systems  17,8],  the  materials  have  not  been  put  to 
widespread,  practical  use.  Practical  application  is 
complicated  by  the  relaxor  nature  (frequency 
dependence)  of  the  materials  and  the  field  dependence  of 
their  properties.  Applications  have  generally  been 
limited  by  the  lack  of  a)  an  engineering  database,  b) 
commercial  production,  c)  fundamental  understanding  of 
process/property  relationships,  and  d)  predictive 
capability  19). 

Previous  work  demonstrated  the  promise  and 
initial  potential  of  the  materials  [10,1 1],  and  highlighted 
the  importance  of  the  relationship  between  the  induced 
transverse  and  longitudinal  strains  as  the  material  goes 
through  its  phase  transition. 

11.  Experimental  Procedure 
Physical  and  Weak-field  Properties 

Three  compositions  (Table  1)  were  processed  using 
a  columbite  precursor  synthesis  method  16.12.13). 
Specifically,  the  method  uses  CFC-1 1 3  as  the  milling 
agent,  ball  milling  as  the  mixing  and  grinding  method, 
and  commercially  available  raw  materials  (AVX  Corp.). 
All  starting  powders,  pressing  steps,  calcining  and 
sintering  schedules  were  as  previously  described  [11]. 


TABLE  I 

SAMPLE  NAME.S  A.ND  COMPOSITIONS 


Name 

Composition 

S250075 

0.975(().925PMN-0  ()75PT)-n.025ST 

B250()75 

0.975t0.925PMN-0.075PTl-().()25BT 

B5(X)10() 

0.95t().9()PMN-0.10PT)-0.05BT 

The  compositions  were  prepared  in  50-g  batches 
and,  after  both  calcining  and  sintering,  were  as.sessed  for 
perovskite  pha.se  purity  by  x-ray  diffractometry  (XRD). 
Pellets,  nominally  1 1  mm  in  diameter  and  2-mm  thick,  of 
each  composition  were  uniaxiaily  pressed  (20  MPa), 
i.sopre.ssed  (200  MPa),  and  sintered  (3  h  at  1 185°C  with  a 
.sacrificial  Pb  source).  All  samples  were  100%  perovskite 
within  the  detection  limits  --  primary  pyrochlore  peak  at 
29.25°  entirely  ab,sent.  The  sample  dimensions  were 
measured  before  sintering,  after  sintering,  and  after 
polLshing  with  1000  grit  SiC  paper  to  determine  weight 
los.s,  volume  shrinkage  and  density  (.see  Table  II). 


Cti.t08().()-7803-046,S-9/92$3.(X)®IEEE 
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TABLE  11 


PHYSICAL  PROPERTIES  OF  COMPOSITIONS 


Sample 

Weight  Loss 
(Vc) 

Shrinkage 

Volume  (%) 

Density 

(g/cm^) 

S250075 

1.2±0.04 

.36.8+1.6 

7.77+0.09 

6250015 

0.7+0.0 

35.5+0.7 

7.83±0.21 

B5(X)1()0 

O.^iO.l 

3l.2±0.4 

7.67+O.03 

The  weight  loss  and  the  volume  shrinkage  are 
typical  for  these  materials.  The  densities  ot  the  materials 
are  high  —  appro.ximately  959c  of  the  basic  theoretical 
density  of  8.15  g/cm-\ 

After  the  physical  measurements  were  taken,  the 
samples  were  electroded  with  sputtered  gold  and  fire-on 
silver.  Weak-field  measurements  of  dielectric  loss  and 
permittivity  at  1  kHz  (Table  111)  were  used  as  an  initial 
screening  of  the  material  over  a  temperature  range  from 
-50°C  to  1(X)°C  and  frequencies  of:  0.1,  1,  10  and  1(X) 
kHz  1 1 1 1.  These  measurements,  for  both  increasing  and 
decreasing  temperature  ramps,  showed  no  dielectric 
aging  and  typical  relaxor  frequency  dispersion  [1,1 1 1- 
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Fig.  1.  Typical  induced  transverse  strain  and  hysteresis  curves  for  the 
B250075  material  at  1  .MV/m  as  a  function  of  tempierature. 


TABLE  III 


WEAK-FIELD  ELECTRICAL  PROPERTIES 


Sample 

Tma.x 

Loss  tangent 
@  Tman 

525(X)75 

II. 1 

2267^ 

0.04  •!8 

B25(X)75 

12.6 

22249 

0.0464 

B5(X)100 

20.5 

18164 

0.0455 

All  data  from  the  decreasing  temperature  ramps. 


Temperature  Dependence  of  Effective  Piezoelectric  d^i 
and  dn  at  Large  AC  Amplitude 

Basic  high-field  properties,  transverse  strain  and 
induced  polarization,  were  collected  under  AC  drive 
fields  of  0-1.0  MV/m  (DC  bias  of  0.5  MV/m),  at 
frequencies  between  1  and  300  Hz  across  the  temperature 
interval  -25  to  60°C.  All  measurements  were  done  using 
an  integrating  capacitor  or  piezoresistive  strain  gages 
1 10,1 1  ].  The.se  measurements  served  as  a  baseline  for  the 
more  innovative  measurements  of  induced  transverse  and 
longitudinal  .strains  as  functions  of  temperature.  As  listed 
in  Table  IV  and  illustrated  in  Fig.  1,  the  compositions 
were  primarily  electrostrictive  across  the  entire 
temperature  range  of  measurement.  Figure  I  also  shows 
the  effect  of  frequency  and  temperature  on  the  induced 
transverse  strain  and  hysteresis  as  a  function  of 
temperature  for  selected  frequencies. 


TABLE  IV 

HIGH-FIELD  ELECTROMECHANICAL  PROPERTIES 


Composition 

Tmax 

(°Q 

Transverse 

Microstrain 

Polarization 

(mC/m2) 

S250075 

I  I.l 

96 

148 

B25(X)75 

12.6 

117 

157 

B5(X)1(X) 

20.1 

116 

143 

Tmax  @  1  kHz,  transverse  strain  and  peak  polarization  @  100  Hz 
with  a  drive  field  of  0  to  1 .0  MV/m  taken  at  25°C. 


Since  electromechanical  materials  are  used  in  both 
the  transverse  (dyi)  and  longitudinal  (d33)  strain  modes, 
induced  strain  and  hysteresis  for  both  modes  are  needed 
to  fully  characterize  the  material  behavior.  Simultaneous 
testing  allows  measurement  or  calculation  of  the: 

•Ratio  between  transverse  and  longitudinal  strain 
(effective  d3i/d33.  the  effective  Poisson  ratio)  across 
each  material's  transition  temperature,  under  identical 
environmental  conditions,  as  a  function  of  AC  field 
•Relation  of  electrical  loss  (hysteresis)  in  the 
transverse  and  longitudinal  modes 
•Effective  hydrostatic  d  coefficients  for  prediction  of 
passive  performance  in  real  environments. 

The  test  set-up  is  shown  schematically  in  Fig.  2.  Pellets 
of  each  material  were  bonded  to  insulating  Macor  blocks 
using  Humiseal  insulating  varnish.  Strain  gages  were 
mounted  to  the  ground  surface  for  measurement  of 
transverse  strain  (effective  dyj).  An  aluminum  button 
was  mounted  over  the  strain  gage  as  a  target  for  the 
longitudinal  strain  measurement.  A  Kaman  displacement 
sensor  (Kaman  Instruments)  was  mounted  a  small 
distance  from  the  aluminum  target.  The  sensor 
determines  longitudinal  displacement  (effective  d33)  by 
measuring  eddy  currents  in  the  button  induced  by  a  small 
constant  magnetic  field  from  the  sensor.  The  magnitude 
of  the  eddy  current  changes  as  a  function  of  the  distance 
between  the  target  and  the  sensor,  which  varies  as  the 
pellet  expands.  Measurements  were  done  at  various 
temperatures  in  a  Delta  Design  environmental  chamber 
in  order  to  characterize  each  material  as  a  function  of 
temperature. 
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The  peak  strains  and  average  hysteresis  for  1.0 
MV/m  cycles  are  shown  as  functions  of  temperature  in 
Figs.  3  through  5  for  repre.sentative  pellets  from  each 
composition.  The  increase  in  strain  and  hysteresis  as  the 
temperature  is  lowered  is  ascribed  to  increased 
piezoelectric  contributions  to  the  total  strain  [8,1 1 1. 
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Fig.  3.  Induced  strain  and  hysteresis  for  the  S2.‘i(X)75  composition. 


TEMPERATURE  (X) 

Fig.  4.  Induced  strain  and  hysteresis  for  the  B250075  composition. 
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Fig.  5.  Induced  strain  and  hysteresis  for  the  B.SOOlOO  composition. 

As  expected,  the  materials  with  the  lower  transition 
temperatures,  S250075  and  B250075,  yielded  lower 
transverse  strains  for  a  given  temperature.  Each 
composition  maintained  a  low  hysteresis;  however,  the 
S250075  showed  no  clear  trend  with  temperature.  The 
minimum  hysteresis  level  (~  2%)  is  attributed  to  noise 
during  data  acquisition.  The  S250075  and  B250075 
materials  yielded  nearly  identical  transverse  strains  across 
the  given  temperature  range,  but  the  BT-doped  material 
yielded  higher  longitudinal  strains  as  the  temperature 
decreased.  The  8500100  material  yielded  similar 
longimdinal  strains  and  hysteresis  as  the  B250075 
material,  but  with  higher  transverse  strains. 

Calciiiatiy.i  cf  the  ratio  of  peak  traits vci.se  lo 
longitudinal  strain  gives  an  indication  of  the  effective 
Poisson  ratio  of  the  material  (Fig.  6).  NB  this  can  be 
>0.5  since  the  strains  are  large  and  the  volume  is  not 
necessarily  constant  across  the  entire  temperature  range. 
The  d3l/d33  ratio  was  relatively  constant  for  the  BT- 
doped  material  and  the  lowest  of  the  compositions 
(-0.28).  However,  the  ratio  increased  to  values  over  0.4 
at  lower  temperatures  for  the  ST-doped  material.  This 
change  in  ratio  is  not  correlated  with  the  high-field 
transition  [14);  however,  similar  behavior  has  been  noted 
previously  in  another  ST-doped  PMN  ( I5|.  The  B500100 
material  had  the  largest  d3i/d33  ratio. 


TEMPERATURE  (“C) 

Fig.  6.  Ratio  of  transverse  to  longitudinal  induced  strain. 
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Material  performance  under  real,  hydrostatic, 
conditions  was  estimated  from  strain  values  for  possible 
sensor  applications.  the  effective  hydrostatic  d 
coefficients  shown  in  Figure  9  were  calculated  from  the 
large  AC-field  transverse  and  longitudinal  strains  using 
the  equation 

dh=dv^-2d3i  Eqn  1, 

In  general,  dh  values  increase  somewhat  at  lower 
temperatures  except  for  the  82.^0075  material.  Note  the 
hydrostatic  d  values  are  much  greater  than  those 
comntoniy  found  iti  conventional  piezoelectric  materials 
and  ar.  accompanied  by  larger  permittivities  |2,3,4). 


TEMPERATURE  (X) 

Fig.  7,  Rffeetive  hydrostatic  piezoeicctnc  coefficients. 

111.  Conclusion 

All  compositions  showed  high-field  properties 
consistent  with  weak-field  properties  reported  previously 
for  relaxor  ferroelectrics.  In  particular,  the  frequency 
dependence  of  the  electromechanical  properties  was 
typical-'both  strain  and  polarization  decreased  with 
increasing  frequency.  The  induced  transverse  and 
longitudinal  strains  tracked  with  one  another  acro.ss  the 
temperature  interval  as  did  the  associated  hystereses.  The 
ratio  of  the  induced  strains  was  different  for  each 
composition  and  showed  temperature  dependence  in  the 
S250075  composition.  Calculation  of  the  effective 
hydrostatic  d  coefficient  of  the  materials  suggested  that 
PMN-X  materials  have  application  as  higli-sensitivity 
hydrostatic  sensors. 
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THE  EFFECT  OF  PHOTO-REFRACTIVELY  INDUCED  PERIODIC  STRAIN 
GRATING  ON  PIEZOELECTRIC  VIBRATION  IN  LiNbOjTc 

Michio  OHKl,  Nobuyuki  TANICUCHI  and  Tadashi  SHIOSAKJ 
Depaitment  of  Electronics,  Faculty  of  Engineering, 

Kyoto  University,  Sakyo-ku  Kyoto,  606 


Abstract 

Strong  nonlinear  behavior  was  observed  in  a  LiNbOjiFe  piezo¬ 
electric  resonator  with  a  photorefractive  periodic  grating.  The 
resonator  is  a  y-cut  plate  with  Au  electrodes  totally  or  partial¬ 
ly  deposited  on  both  faces.  The  current-voltage  and  the  admit¬ 
tance-frequency  characteristics  show  nonlinear  behavior  such  as 
hysteresis  only  near  the  resonance  frequency.  In  some  conditions, 
the  current  changes  negatively  with  the  voltage.  These  character¬ 
istics  depend  on  the  G~value  of  the  resonator.  The  present  non¬ 
linear  phenomena  do  not  occur  when  the  Q-value  is  too  large, 
while  they  occur  at  larger  values  of  Q  in  usual  resonators.  We 
found  that  the  Q-value  of  the  resonator  with  the  photorefractive 
grating  varied  when  the  resonator  was  annealed  or  when  the  period 
of  the  grating  was  changed. 

Introduction 

The  application  of  the  photorefractive  (PR)  effect  to  holography 
and  optical  processing  has  developed  in  recent  years. '  This  effect 
is  the  phenomenon  in  which  the  refractive  index  of  an  electrooptic 
crystal  varies  according  to  the  incidence  of  visible  rays.  Interfer¬ 
ence  of  two  coherent  optical  waves  yields  fringes  which  cause 
excitation  and  diffusion  of  carriers  that  form  a  spatial  charge  dis¬ 
tribution.  The  variation  of  the  refractive  index  is  caused  by  the 
internal  electric  field  from  the  charge  distribution  through  the 
Pockels  effect.  The  application  to  acoustics  has  also  developed;  an 
acoustic  wave  is  filtered  by  the  periodic  variation  of  the  acoustic 
velocity  that  is  caused  by  the  periodic  internal  electric  field. ^  In 
this  paper,  we  describe  the  influence  of  the  PR  effect  on  acoustic 
vibration,  especially  piezoelectric  vibration,  from  a  new  point  of 
view.  A  piezoelectric  re.sonator  made  of  LiNbOjTe  with  the  PR 
grating  is  examined  as  the  sample.  We  view  electromechanical 
characteristics  near  the  resonance  frequencies  of  the  modes  of 
vibration. 


Z,C 


Fig.  1  The  configuration  of  the  sample  to  which  two  coherent  light 
waves  arc  incident  and  for  which  the  PR  grating  is  written  in  the 
(■-direction. 


Experimental  Methods 

A  y-cut  plate  of  LiNbOjiFc  is  used  as  the  sample.  TWo  coher¬ 
ent  light  waves  are  incident  into  the  sample,  as  illustrated  in  Fig.l. 
Interference  of  two  coherent  optical  waves  yields  fringes  which 
cause  excitation  and  diffusion  of  carriers  that  form  a  spatial  charge 
distribution,  so  the  PR  grating  is  written  in  the  (--direction  of  the 
crystal,  as  illustrated  in  Fig.2.  The  sample  is  rectangular,  7.185mm 
(jc)x  1.511mm(y)x  4.029mm(z).  The  length  of  the  sample  in  the  x~ 
direction  is  larger  than  the  width  in  the  z-direction.  The  light  wave 
is  s-polarization,  that  is,  the  electric  field  is  in  the  x-direction,  of 
an  At’  laser  whose  wavelength  Xis  514.4nm.  The  ratio  of/,  to  is 
1:1,  and  the  diameter  of  the  beam  is  about  20mm.  larger  than  the 
sample.  The  period  of  the  PR  grating  A  can  be  changed  by  chang¬ 
ing  the  angle  6  in  Fig.l.  In  our  experiment,  the  value  of  A  is  select¬ 
ed  to  be  about  Ipm  and  3.9pm.  After  the  PR  grating  is  written, 
whole  Au  electrodes  arc  deposited  on  the  y-plancs,  and  1)  the 
frequency  characteristics  of  admittance,  2)  the  current-voltage  (/- 
y)  characteristics,  and  3)  the  spectral  analysis  of  harmonic  genera¬ 
tion  arc  respectively  measured  near  the  resonance  frequencies  of 
the  following  mn  modes  where  m  denotes  the  direction  of  electric 
field  and  n  denotes  the  strain  S,:  1)  the  21 -coupling,  length- 
extensional  mode,  2)  the  24-coupling,  thickness-shear  mode,  and 
3)  the  22-coupling,  thickness-cxtensional  modc,as  illustrated  in 
Fig.3.  In  the  vibration  of  2 1 -mode,  the  displacement  not  only  in 
the  x-direction  but  also  in  the  z-direction  exists  in  the  case  of  this 
sample.  Coiuxming  the  21-mode,  the  measurement  is  made  in  the 
case  of  not  only  whole  electrodes  but  also  partial  ones,  2mm{x) 
xlmm(z). 
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•he  21 -covipiing  t'licK^iess  .shea^  -noae 
length-extensionai  Tiocle 

Fig.3.  The  modes  of  piezoelectric  vibration  in  y-cut  plate  of 
LiNbO,. 
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The  optical  diffractive  grating  can  be  erased  after  annealing  at 
ZOO^C  for  Ih.  This  is  well  known  in  the  field  of  optics.  Therfore, 
we  perform  the  similar  measurement  as  above  after  annealing  to 
compare  with  the  characteristics  before  annealing.  A  virgin  y-cut 
plate,  on  which  the  PR  grating  has  not  been  written,  is  prepared  to 
examine  the  intrinsic  characteristics  of  LiNbOjiFe. 

In  measuring  the  frequency  characteristics  of  admittance,  we 
also  note  the  variation  of  1)  the  value  of  the  resonance,  2)  the 
resonance  frequency  to^,  and  3)  the  existence  of  the  nonlinear  jump 
phenomena,  due  to  annealing. 


Results  and  Discussion 

Table  1  shows  the  variation  of  Q  and  u)^  after  the  annealing  in  the 
21-mode  for  two  values  of  A  and  two  kinds  of  electrodes.  We 
find  that  the  rate  of  the  variation  is  larger  when  the  electrodes  are 
partial  or  when  the  value  of  A  is  larger. 

When  the  0-value  is  very  small,  for  example,  about  2000  in 
the  sample  before  annealing  with  the  partial  electrodes  and  the 
grating  of  A=  3.9pm,  wc  observe  the  nonlinear  jump  phenomenon 
of  an  admittance  circle,  as  shown  in  Fig.4.  Although  the  LiNbOji 
Fe  resonator  without  the  PR  grating  shows  an  intrinsically  weak 
nonlinear  jump  phenomenon,  the  sample  with  the  PR  grating 
shows  the  phenomenon  at  phase  angles  other  than  that  of  the 
former.  After  annealing  of  the  sample,  the  0-value  increased 
tenfold  to  about  20000,  and  the  nonlinear  jump  phenomenon 
disappeared.  The  usual  nonlinear  effect,  intrinsic  to  the  LiNbOjiFe 
resonator,  must  be  enhanced  when  the  0-value  increases  because 
the  higher  orders  of  strain  become  more  effective.  Therefore,  the 
nonlinear  phenomena  observed  here  for  the  sample  with  the  PR 
grating  are  unusual  and  due  to  a  completely  different  mechanism. 

On  the  other  hand,  in  the  case  of  the  sample  with  the  whole 
electrodes  and  the  grating  of  A=3.9pm,  although  the  nonlinear 
jump  phenomenon  did  not  appear  before  annealing,  the  phenome¬ 
non  appeared  and  the  0-valuc  decreased  after  annealing.  This 
suggests  the  existence  of  the  PR  grating  after  annealing.  On  the 
other  hand,  the  optical  Bragg  diffraction  did  not  occur  after  anneal¬ 
ing,  so  the  PR  grating  is  considered  to  disappear.  These  two  facts 
are  seemingly  not  consistent  with  each  other.  The  grating  seems  to 
partially  remain  even  after  annealing.  The  thermal  energy  seems 
too  low  to  erase  the  PR  grating  completely.  The  nonlinear  phe¬ 
nomena  are  confirmed  by  the  /-  V  characteristics  or  the  harmonic 
generation,  as  well  as  by  the  admittance  characteristics.  Figure  5(a) 
shows  the  I-V  characteristics  of  the  sample  with  the  whole  elec- 


Table  1.  The  variation  of  the  0-valuc  and  the  resonance  frequency 
(0^  of  the  21-mode  after  annealing.  The  simbols  "N",  "1"  and  "D" 
denote  no  significant  change,  an  increase  and  decrease,  respective¬ 
ly.  The  value  in  parentheses  shows  the  variation  numerically. 
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Fig.4.  Nonlinear  jump  phenomenon  observed  in  the  admittance 
circle  near  the  resonance  frequency  of  the  21 -mode. 


Fig.5.  (a)  The  I-V  characteristics  of  the  sample  with  the  PR  grat¬ 
ing  at  the  resonance  frequency  of  the  21 -mode,  (b)  The  intrinsic 
I-V  characteristics  at  the  resonance  frequency  of  the  21 -mode. 


tnxtes  and  the  grating  of  Aslfim  after  annealing,  and  Fig.S(b) 
shows  the  intrinsic  characteristics  of  LiNbO,;Fe  for  comparison, 
in  Fig.5(a),  we  observe  hysteresis  and  the  marked  variation  of  the 
gradient  d//dK.  The  gradient  becomes  negative  in  some  range  of 
the  voltage.  On  the  other  hand,  the  weak  nonlinearity  in  Fig.S(b)  is 
caused  by  the  large  Q-value  of  the  resonator,  and  is  the  usual 
effect.  The  harmonic  generation  was  also  observed  in  both  sam¬ 
ples.  Not  only  odd  harmonics  but  also  even  ones  were  observed. 

Table  II  shows  the  variation  of  Q  and  to^  after  the  aruiealing  in 
the  24-  and  22-modes.  Only  the  whole  electrodes  arc  used.  The 
value  of  (0,1  in  the  22-mode  shows  a  tendency  to  decrease  after 
annealing.  This  feature  is  different  from  the  results  in  other  m(xles. 
Another  influence  of  the  PR  grating  on  the  piezoelectric  vibration 
is  greater  in  the  22-m(xle  than  in  other  modes.  The  nonlinear  jump 
phenomenon  from  the  PR  grating  was  observed  in  the  24-m(xle  as 
well  as  in  the  21-m(xlc,  but  not  in  the  22-m(xle. 

The  /-  y  characteristics  in  the  24-m(xle  for  the  sample  with  the 
grating  of  A=lpm  before  annealing,  in  Fig.6,  show  marked  hyster¬ 
esis  and  a  negative  gradient,  as  in  the  21-mode.  On  the  other  hand, 
the  intrinsic  characteristics  in  the  24-mode  show  little  hysteresis 
and  no  negative  gradient. 

The  /-  y  characteristics  in  the  22-m(xle  for  the  sample  with  the 
grating  of  A=lpm  before  annealing,  in  Fig.7(a),  show  hysteresis, 
but  similar  hysteresis  is  also  observed  in  the  intrinsic  characteris¬ 
tics  in  the  22-modc,  as  in  Fig.7(h).  Hence,  we  cannot  conclude  at 
present  the  influence  of  the  PR  grating  on  the  nonlinear  phenome¬ 
na  in  the  22-mode,  even  though  the  0-value  in  the  22-m(xic  was 
influenced  by  the  PR  grating.  On  the  other  hand,  in  the  21-  and 
24-modes,  we  can  conclude  the  influence  of  the  PR  grating  on  the 
nonlinear  phenomena,  involving  the  low  0-value. 

We  also  find  that  the  variation  of  a)„  after  annealing  has  nothing 
to  do  with  that  of  0.  The  variation  of  probably  has  to  do  with 
that  of  the  stiffness  of  the  nonlinear  spring. 

Finally,  we  consider  the  mechanism  of  the  generation  of  the 
nonlinearity.  The  PR  grating  is  made  of  a  sinusoidal  charge  distri¬ 
bution  as  in  Fig.2.  If  the  charges  at  a  distance  of  A/2  vibrate  in  an 
in-phase  state  as  in  Fig. 8(a),  the  vibration  is  still  linear.  But,  if 
they  vibrate  in  an  antiphase  state  as  in  Fig.8(b)  for  some  reason, 
the  nonlinearity  could  be  caused  by  Coulomb's  force  between  the 
neighboring  charges.  The  inherent  nonlinearity  could  be  also 
enhanced  by  the  antiphase  vibration.  The  antiphase  vibration  could 
be  caused  by  the  interaction  between  the  periodic  internal  electric 
field  caused  by  the  periodic  charge  distribution  and  the  polarization 
that  resulted  from  the  piezoelectric  effect  when  the  external  electric 
field  was  applied,  that  is,  the  polarized  charges  accompanied  with 
the  piezoelectric  vibration  could  be  strained  periodically  by  the 


Table  11.  The  variation  of  the  0  -value  and  the  resonance  frequency 
a)„  of  the  24-  and  22-modc  after  annealing. 

The  notations  used  arc  the  same  as  in  Table  1. 
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Fig.6.  The  /-k' characteristics  of  the  sample  with  the  PR  grating  at 
the  resonance  frequency  of  the  24-m(xie. 


VOLTAGE  (V) 

Fig.7.  (a)  The  /-I' characteristics  of  the  sample  with  the  PR  grat¬ 
ing  at  the  resonance  frequency  of  the  22-nKxlc.  (b)  The  intrinsic 
f^y  characteristics  at  the  resonance  frequency  of  the  22-m<xfc. 


internal  electric  field  accompanied  with  the  PR  grating.  The  de¬ 
crease  of  Q-value  and  the  negative  dlldV  could  be  caused  by  a 
shift  of  energy  from  the  in-phase  vibration  to  the  antiphase  one.  If 
the  displacement  become  larger,  involving  the  increase  of  the  Q- 
value  or  the  external  electric  field,  the  in-phase  vibration  inherent 
in  the  piezoelectric  one  could  predominate,  so  the  nonlinearity 
could  disappear. 

The  difference  of  the  characteristics  in  the  22-mode  from 


Fig.8.  (a)  Charges  at  a  distance  of  A/2  vibrate  in  an  in-phase  state, 
(b)  Charges  at  a  distance  of  A/2  vibrate  in  an  antiphase  state. 


those  in  the  21-  and  24-modes  could  be  explained  by  this  model. 
In  the  21-  and  24-modcs,  the  displacement  exists  in  the  z-direc- 
tion,  the  direction  of  the  PR  grating.  On  the  other  hand,  in  the 
22-mode,  a  clamp  exists  in  the  z-direction,  so  the  mechanism 
mentioned  above  is  not  be  applied,  because  the  nonlinearity 
explained  by  this  model  requires  the  displacement  in  the  direc¬ 
tion  that  has  both  the  piezoelectricity  and  the  PR  grating,  the 
z-direction,  in  this  case. 

The  influence  of  the  type  of  electrodes  on  the  experimental 
results  might  be  explained  as  follows.  Charges  on  the  electrodes 
involved  with  the  piezoelectric  vibration  may  influence  the  vibra¬ 
tion  state  of  the  positive  and  the  negative  charges  in  the  crystal 
directly,  so  the  charasteristics  could  change  according  to  the  type 
of  electrodes. 

Conclusion 

1)  The  PR  grating  written  in  the  piezoelectric  resonator  (LiNbOj 
:Fe)  causes  the  nonlinear  acoustic  vibration. 

2)  This  phenomenon  disappears  when  the  Q-value  is  too  large. 
The  mechanism  is  different  from  that  of  the  usual  nonlinear  vibra¬ 
tion. 

3)  This  phenomenon  is  marked  in  the  case  of  the  21-  and  24- 
coupling,  while  it  is  not  clear  in  the  case  of  the  22-coupling. 

4)  The  PR  grating  seems  to  partially  remain  even  after  annealing. 
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Abstract 

Research  at  the  Materials  Research  Laboratory, 
Pennsylvania  State  University  has  demonstrated  the 
potential  for  improving  hydrophone  performance  using 
piezoelectric  ceramic/polymer  composites.  As  part  of 
an  ONR-funded  initiative  to  develop  cost-effective 
manufacturing  technology  for  these  composites. 
Materials  Systems  is  pursuing  an  injection  molding 
ceramic  fabrication  approach.  This  paper  briefly 
overviews  key  features  of  the  ceramic  injection  molding 
process,  then  describes  the  approach  and  methodology 
being  used  to  fabricate  PZT  ceramic/polymer 
composites.  Properties  and  applications  of  injection 
molded  PZT  ceramics  are  compared  with  conventionally 
processed  material. 

Introduction 

Piezoelectric  ceramic/polymer  composites  offer 
design  versatility  and  performance  advantages  over 
both  single  phase  ceramic  and  polymer  piezoelectric 
materials  in  both  sensing  and  actuating  applications. 
These  composites  have  found  use  in  high  resolution 
medical  ultrasound  as  well  as  developmental  Navy 
applications.  Many  composite  configurations  have 
been  constructed  and  evaluated  on  a  laboratory  scale 
over  the  past  thirteen  years.  One  of  the  most 
successful  combinations,  designated  1-3  composite  in 
Newnham's  notation  [1],  has  a  one-dimensionally 
connected  ceramic  phase  (PZT  fibers)  contained  within 
a  three-dimensionally  connected  organic  polymer  phase. 
Hydrophone  figures  of  merit  for  this  composite  can  be 
made  over  10,000  times  greater  than  those  of  solid 
PZT  ceramic  by  appropriately  selecting  the  phase 
characteristics  and  composite  structure. 

The  Penn  State  composites  were  fabricated  [1] 
by  hand-aligning  extruded  PZT  ceramic  rods  in  a  jig  and 
encapsulating  in  epoxy  resin,  followed  by  slicing  to  the 
appropriate  thickness  and  poling  the  ceramic.  Aside 
from  demonstrating  the  performance  advantages  of  this 
material,  the  Penn  State  woik  highlighted  the 
difficulties  involved  in  fabricating  1-3  composites  on  a 
large  scale,  or  even  for  prototype  purposes.  These  are: 

1)  The  requirement  to  align  and  support  large 
numbers  of  PZT  fibers  during  encapsulation 
by  the  polymer. 

2)  The  high  incidence  of  dielectric  breakdown 
during  poling  arising  from  the  significant 
probability  of  encountering  one  or  more 
defective  fibers  in  a  typical  large  array. 

Over  the  past  five  years  several  attempts  have 
been  made  to  simplify  the  assembly  process  for  1-3 
transducers  with  the  intention  of  improving 
manufacturing  viability  and  lowering  the  material  cost. 
Early  attempts  involved  dicing  solid  blocks  of  PZT 
ceramic  into  the  desired  configuration  and  back-filling 
the  spaces  with  a  polymer  phase.  This  technique  has 


found  wide  acceptance  in  the  medical  ultrasound 
industry  tor  manufacturing  high  frequency  transducers 
12).  More  recently.  Fiber  Materials  Corp.  has 
demonstrated  the  applicability  of  its  weaving 
technology  for  fiber-reinforced  composites  to  the 
assembly  of  piezoelectric  composites  [31.  Another 
exploratory  technique  involves  replicating  porous 
fabrics  having  the  appropriate  connectivity  (4). 

For  extremely  fine  scale  composites,  fibers 
having  diamete's  in  the  order  of  25  to  100  |im  and 
aspect  ratios  in  excess  of  five  are  required  to  meet 
device  performance  objectives.  As  a  result,  these 
difficulties  are  compounded  by  the  additional  challenge 
of  forming  and  handling  extremely  fine  fibers  in  large 
quantities  without  defects.  Recently,  researchers  at 
Siemens  Corp.  have  shown  that  very  fine  scale 
composites  can  be  produced  by  a  fugitive  mold 
technique.  However,  this  method  requires  fabricating  a 
new  mold  for  every  part  15). 

This  paper  describes  a  new  approach  to 
piezoelectric  composite  fabrication,  viz:  Ceramic 
injection  molding.  Ceramic  injection  molding  is  a  cost- 
effective  fabrication  approach  for  both  Navy 
piezoelectric  ceramic/polymer  composites  and  for  the 
fabrication  of  ultrafine  scale  piezoelectric  composites, 
such  as  those  required  for  high  frequency  medical 
ultrasound  and  nondestructive  evaluation.  The 
injection  molding  process  overcomes  the  difficulty  of 
assembling  oriented  ceramic  fibers  into  composite 
transducers  by  net-shape  preforming  ceramic  fiber 
arrays.  Aside  from  this  advantage,  the  process  makes 
possible  the  construction  of  composite  transducers 
having  more  complex  ceramic  element  geometries  than 
those  previously  envisioned,  leading  to  greater  design 
flexibility  for  improved  acoustic  impedance  matching 
and  lateral  mode  cancellation. 

Process  Description 

Injection  molding  Is  widely  used  in  the  plastics 
industry  as  a  means  for  rapid  mass  production  of 
complex  shapes  at  low  cost.  Its  application  to 
ceramics  has  been  most  successful  for  small  cross- 
section  shapes,  e.g.  thread  guides,  and  large,  complex 
shapes  which  do  not  require  sintering  to  high  density, 
such  as  turbine  blade  casting  inserts.  More  recently, 
the  process  has  been  investigated  as  a  production 
technology  for  heat-engine  turbine  components  [6,7]. 

The  injection  molding  process  used  for  PZT 
molding  is  shown  schematically  in  Figure  1.  By 
injecting  a  hot  thermoplastic  mixture  of  ceramic  powder 
and  organic  binder  into  a  cooled  mold,  complex  shapes 
can  be  formed  with  the  ease  and  rapidity  normally 
associated  with  plastics  molding.  Precautions,  such  as 
hard-facing  the  metal  contact  surfaces,  are  important 
to  minimize  metallic  contamination  from  the 
compounding  and  molding  machinery.  For  ceramics,  the 
binder  must  be  removed  nondestructively,  necessitating 
high  solids  loading,  careful  control  of  the  binder  removal 
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Figure  1;  Injection  Molding  Process  Route. 

process,  and  proper  fixturing.  Once  the  binder  is 
removed,  the  subsequent  firing,  poling  and  epoxy 
encapsulation  processes  are  similar  to  those  used  for 
conventional  PZT/polymer  composites  (1).  Thus,  the 
process  offers  the  following  advantages  over 
alternative  fabrication  routes:  Complex,  near  net-shape 
capability  for  handling  many  fibers  simultaneously;  rapid 
throughput  (typically  seconds  per  part);  compatibility 
with  statistical  process  control;  low  material  waste; 
flexibility  with  respect  to  transducer  design  (allows 
variation  in  PZT  element  spacing  and  shape);  and  low 
cost  in  moderate  to  high  volumes.  In  general,  because 
of  the  high  initial  tooling  cost,  the  ceramics  injection 
molding  process  is  best  applied  to  complex-shaped 
components  which  require  low  cost  in  high  volumes. 

Composite  Fabrication  and  Evaluation 

The  approach  taken  to  fabricate  1-3 
piezoelectric  composites  is  shown  in  Figure  2a,  which 
illustrates  a  PZT  ceramic  preform  concept  in  which  fiber 
positioning  is  achieved  using  a  co-molded  integral 
ceramic  base.  After  polymer  encapsulation  the  ceramic 
base  is  removed  by  grinding.  Aside  from  easing  the 
handling  of  many  fibers,  this  preform  approach  allows 
broad  latitude  in  the  selection  of  piezoelectric  ceramic 
element  geometry  for  composite  performance 
optimization.  Tool  design  is  important  for  successful 
injection  molding  of  piezoelectric  composites.  The 
approach  shown  in  Figure  2b  uses  shaped  tool  inserts 
to  allow  changes  in  part  design  without  incurring 
excessive  retooling  costs.  Figure  2c  shows  how 
individual  preforms  are  configured  to  form  larger  arrays. 
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Figue  2a:  Preiorm  Configuiatkxi  (Approx.  400  oenmc  atemenrs) 


Figure  2b:  lnjectior>  Molding  Tool  Configuration 


PREFORM  LAY-UP 
TO  FORM  LARGER 
ARRAYS 


Figure  2c.  Large  Area  Composite  Arrays  made  from  Preforms 


Figure  2;  Preform  Approach  to  Composite  Fabrication. 

In  practice,  material  and  molding  parameters  must 
be  optimized  and  integrated  with  injection  molding  tool 
design  to  realize  intact  preform  ejection  after  molding. 
Key  parameters  include;  PZT/binder  ratio,  PZT  element 
diameter  and  taper,  PZT  base  thickness,  tool  surface 
finish,  and  the  molded  part  ejection  mechanism  design. 
In  order  to  evaluate  these  process  parameters  without 
incurring  excessive  tool  cost,  a  tool  design  having  only 
two  rows  of  19  PZT  elements  each  has  been  adopted 
for  experimental  purposes.  Each  row  contains  elements 
having  three  taper  angles  10,  1  and  2  degrees)  and  two 
diameters  (0.5  and  1mm).  To  accommodate  molding 
shrinkage,  the  size  of  the  preform  is  maintained  at 
50x50mm  to  minimize  the  possibility  of  shearing  off  the 
outermost  fibers  during  the  cooling  portion  of  the 
molding  cycle. 


Figure  3:  Injection  Molded  1-3  Composite  Preforms. 
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Figure  3  shows  green  ceramic  preforms 
fabricated  using  this  tool  configuration.  Note  that  all 
of  the  PZr  elements  ejected  intact  after  molding, 
including  those  having  no  longitudinal  tapering  to 
facilitate  ejection.  Slow  heating  In  air  has  been  found 
to  be  a  suitable  method  for  organic  binder  removal. 
Finally,  the  burned-out  preforms  are  sintered  in  a  PbO- 
rich  atmosphere  to  97  98%  of  the  theoretical  density. 
No  problems  have  been  encountered  with  controlling 
the  weight  loss  during  sintering  of  these  composite 
preforms,  even  for  those  fine-scale,  high-surface  area 
preforms  which  are  intended  for  high  frequency 
ultrasound. 


&  O  O  i/n* 


Figure  4:  Scanning  Electron  Microgiaphs  of  As-molded 
(Upper)  and  As-sintered  (Lower)  Surfaces  of  PZT  Fibers. 

Figure  4  illustrates  the  surfaces  of  as-molded  and 
as-sintered  fibers,  showing  the  presence  of  shallow  fold 
lines  approximately  10pm  wide,  which  are 
characteristic  of  the  injection  molding  process.  The 
fibers  exhibit  minor  grooving  along  their  length  due  to 
ejection  from  the  tool.  Figure  5  shows  the  capability  of 
near  net-shape  molding  for  fabricating  very  fine  scale 
preforms;  PZT  element  dimensions  only  30pm  wide 
have  been  demonstrated.  The  as-sintered  surface  of 
these  elements  indicates  that  the  PZT  ceramic 
microstructure  is  dense  and  uniform,  consisting  of 
equiaxed  grains  2-3pm  in  diameter. 


Figure  5:  Fine-scale  2  2  Composite  formed  by  Near  Net- 
shape  Molding  (Upper  Micrograph).  As  sintered  Surface 
(Lower  Micrograph). 

In  order  to  demonstrate  the  lay  up  approach  for 
composite  fabrication,  composites  of  approximately  10 
volume  percent  PZT-5H*  fibers  and  Spurrs  epoxy  resin 
were  fabricated  by  epoxy  encapsulating  laid-up  pairs  of 
injection  molded  and  sintered  fiber  rows  followed  by 
grinding  away  the  PZT  ceramic  stock  used  to  mold  the 
composite  preform.  Figure  6  shows  composite  samples 
made  from  freshly-compounded  PZT/binder  mixture  and 
from  reused  material.  Recycling  of  the  compounded 
and  molded  material  appears  to  be  entirely  feasible  and 
results  in  greatly  enhanced  material  utilization. 

Table  1  compares  the  piezoelectric  and  dielectric 
properties  of  injection  molded  PZT  ceramic  specimens 
with  those  reported  for  pressed  PZT  5H  samples 
prepared  by  the  powder  manufacturer.  When  the 
sintering  conditions  are  optimized  for  the  PZT-5H 
formulation,  the  piezoelectric  and  dielectric  properties 
are  comparable  for  both  materials.  Since  the  donor- 
doped  PZT-5H  formulation  is  expected  to  be  particularly 
sensitive  to  iron  contamination  from  the  injection 
molding  equipment,  the  implication  of  these 
measurements  is  that  such  contamination  is  negligible 
in  this  injection  molded  PZT  material, 

•Powder  supplied  by  Morgan  Matroc,  Inc.,  Bedford, 
Ohio;  Lot  105A. 
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Table  1:  Properties  of  Injection  Molded  Piezoelectric 
Ceramics* 


Specimen 

Type 

Relative 

Permittivity 

Dielectric 

Loss  (1kHz) 

d33 

(pC/N) 

Die-Pressed 

3584 

0.018 

745 

Inj.  Molded  •• 

3588 

0.018 

755 

[2|  C.  Nakaya  et  al,  IEEE  Ultrasonics 

Symposium  Proc.,  Oct.  16-18,  1985,  p 
634. 

[3]  S.  D.  Darrah  et  al,  "Large  Area 

Piezoelectric  Composites,"  Proc.  of  the 
ADPA  Conference  on  Active  Materials  and 
Structures,  Alexandria,  Virginia,  Nov.  4-8, 
1991,  Ed.  G.  Knowles,  Institute  of  Physics 
Publishing,  pp  139-142. 


*Aged  24  hours  before  measurement. 

•poling  conditions:  2.4kV/mm,  60  C,  2  minutes. 
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4-8,  1991. 
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Figure  6:  Injection  Molded  PZT  Fiber/Epoxy  Resin 
Composites  prepared  by  the  Preform  Lay-up  Method. 


[71  J.  Greim  et  al,  "Injection  Molded  Sintered 
Turbocharger  Rotors,"  Proc.  3rd.  Int.  Symp 
on  Ceramic  Materials  and  Components  for 
Heat  Engines,  Las  Vegas,  Nev.,  pp.  1365- 
1375,  Amer.  Cer.  Soc.  1989. 


Ceramic  injection  molding  has  been  shown  to  be 
a  viable  process  for  fabricatir,.’  both  PZT  ceramics  and 
piezoelectric  ceramic/polymer  transducers.  The 
electrical  properties  of  injection  molded  PZT  ceramics 
are  comparable  with  those  prepared  by  conventional 
powder  pressing,  with  no  evidence  of  deleterious 
effects  from  'metallic  contamination  arising  from 
contact  with  the  compounding  and  molding  equipment. 
By  using  ceramic  injection  molding  to  fabricate 
composite  preforms,  and  then  laying  up  the  preforms  to 
form  larger  composite  arrays,  an  approach  has  been 
demonstrated  for  net-shape  manufacturing  of 
piezoelectric  composite  transducers  in  large  quantities. 
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ABSTRACT 

Piesoelecthc  bimorphf  have  been  made  by  sput- 
tering  ZnO  on  Si3N4  .  The  ZnO  was  sandwiched  be¬ 
tween  Cr/Au  electrodes.  Bimorphs  of  1888  and  2980 
/Am  long  were  produced. 

INTRODUCTION 

Piesoelectric  bimorphs  are  useful  tools  in  many  in¬ 
struments;  a  listing  of  many  of  their  applications  has 
been  given  in  [1].  Currently  the  most  useful  bimorphs 
are  the  ones  made  of  PZT  ceramics,  because  of  the 
large  values  of  dn.  A  drawback  of  these  devices  is 
that  the  minimum  thickness  is  quite  large,  around  280 
to  300  microns,  which  makes  it  unsuitable  for  use  in  in¬ 
tegrated  circuit  techniques,  as  it  is  impossible  to  grind 
the  thickness  of  the  PZT  down  to  a  few  microns.  For 
this  reason  it  is  imperative  that  we  look  for  thin  de¬ 
posited  films  which  are  piesoelectric.  Quite  a  number 
of  researchers  have  shown  considerable  progress  toward 
making  thin  film  PZT  material,  but  there  still  are  prob¬ 
lems  with  the  dsf  value,  [2,3,4].  We  have  been  working 
on  ZnO  on  Si  or  SisN4  cantilevers,  and  although  the 
dsi  is  much  lower  than  that  of  PZT,  it  may  still  be  a 
quite  interesting  combination,  because  some  other  ef¬ 
fects  are  showing  up,  which  create  a  large  deflection 
at  even  modest  voltages.  Other  authors  have  made  al¬ 
most  similar  devices,  not  completely  identical,  but  do 
not  report  large  deflections,  [5]. 

FABRICATION  OF  THE  DEVICES 

We  started  with  cleaned  3  inch  diameter  (100) 
wafers.  They  were  oxidised  to  a  thickness  of  O.S/im. 
Windows  with  dimensions  of  500  by  2000  /a  were  pat¬ 
terned  in  the  oxide  by  etching  in  HF.  On  top  of  the 
oxide  we  sputtered  ZnO  which  was  to  be  used  later 
as  a  sacriflcial  layer.  The  ZnO  was  patterned  to  fit 
in  the  oxide  windows.  Then  Si8N4  film  was  sputtered 
over  the  entire  wafer,  Cr-Au  electrodes  were  evaporat¬ 
ed  and  positioned  in  a  lift-off  process;  ZnO  was  sput¬ 


tered  again  on  the  wafer  and  patterned  in  ZnO  etch, 
and  then  we  deposited  Cr-Au  on  top  of  the  ZnO.  After 
this  the  wafer  was  covered  with  photoresist  and  a  win¬ 
dow  in  the  resist  was  made  to  open  a  moat  around  the 
cantilever  beam.  This  moat  was  used  to  etch  through 
the  Si8N4  in  HF  and  stop  at  the  sacrificial  ZnO.  Then 
the  wafer  was  immersed  in  a  ZnO  etchbath  and  the 
sacrificial  layer  was  etched.  At  that  moment  we  had  a 
cantilever  beam  which  was  1860/a  long  and  300/a  wide. 

EXPERIMENTAL  RESULTS 

We  have  measured  the  deflection  of  the  bimorphs 
by  applying  voltages  on  their  electrodes  and  found  that 
it  is  described  mostly  by  a  large  quadratic  term  and  a 
small  linear  term,  which  is  the  piesoelectric  effect.  The 
deflections  are  quite  large;  0  V  on  the  bimorph  gives 
deflections  of  the  tip  of  around  1  mm.  Considering 
that  the  whole  length  of  the  bimorph  is  only  2  mm,  we 
conclude  that  these  deflections  are  very  large  indeed. 

Three  effects  are  known  to  produce  a  quadratic 
behavior:  1)  Electrostriction  2)  Joule  heating  3) 
Maxwell  Stress  compression. 
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of  these  we  can  eliminate  the  electrosthction,  be¬ 
cause  the  sign  of  effect  is  wrong.  The  beams  shouJd 
bend  up  with  any  voltage,  while  ours  bend  down. 

The  Maxwell  Stress  compression  is  due  to  the  force 
exerted  by  the  electrodes  on  each  other,  which  squeeses 
the  material  from  underneath  the  electrodes.  However, 
this  effect  is  around  4  orders  of  magnitude  too  smail 
to  cause  these  large  deflections. 

The  only  explanation  for  the  large  deflections  re¬ 
mains  in  the  thermal  expansion  of  some  of  the  materi¬ 
als  due  to  Joule  heating  of  the  Aim. 

In  order  to  verify  the  deflection  of  the  bimorph 
when  it  actually  behaves  as  a  bimetallic,  we  set  up  the 
equations  governing  a  bimetallic,  and  used  these  to  ex¬ 
pand  the  equations  of  heterogeneous  bimorphs  ,  which 
we  have  published  elsewhere.  [6|.  Using  M,  F,p,V  as 
generalised  forces  F  (they  are  the  moment  on  a  beam, 
the  force  on  the  beam,  the  pressure  on  the  beam,  and 
the  voltage  on  the  electrodes)  and  a,^,V,Q  as  gener¬ 
alised  displacements  P,  (  the  rotation  at  the  tip,  the 
deflection,  the  volume  displacement,  and  the  charge 
on  the  electrodes,)  we  can  write  th^  matrix  equation 
connecting  them  as 

(1) 

The  matrix  £  is  a  four  by  four  matrix  containing  the 
material  constants  and  dimensions  of  the  elements  that 
make  up  the  bimorph  .  If  we  allow  the  temperature  to 
play  a  role  in  the  deflection  of  the  bimorph  ,  we  must 
create  a  AAh  column  in  the  matrix,  while  we  also  need  a  ^ 
Afth  tow  in  the  matrix  to  account  for  the  dependence  ' 
of  the  entropy  as  a  function  of  all  of  the  mentioned  ^ 
variables.  We  use  the  following  variables:  9  is  entropy, 

9  is  temperature,  a  is  the  thermal  expansion  coeffi¬ 
cient,  is  the  difference  between  the  expansions  of 
top  and  bottom. (  not  to  be  confused  with  the  tip  ro¬ 
tation  for  which  we  also  use  a),  ts  is  the  pyroelectric 
coefficient,  p  and  c  are  speciAc  mass  and  speciAc  heat, 

C  =  PfCp  -f  psiCsi-  G  =  Lwhsikp. 

Now  with  this  we  can  write  the  Afth  column  (to  '' 
save  space)  of  the  constitutive  equations  when  the  de¬ 
vice  is  stress  free  assembled  at  sero  Kelvin,  (  a  fSactor 
A  is  assumed  as  is  indicated  in  [7]: 


(2) 

As  can  be  seen  &om  equation  (2)  the  deAection  is  pro¬ 
portional  to  the  temperature.  For  comparison,  the 


term  £14  is  the  piesoelectric  term,  and  the  compara¬ 
ble  part  is  the  piesoelectric  contribution  dz\V ,  which 
can  be  compared  with  the  thermal  contribution 
With  a  voltage  dilference  of  I  Volt  and  a  piesoeiec- 
tric  coefficient  of  5x10“^*,  the  piesoelectric  term  is 
5  X  10“**  With  a  difference  between  the  expansion  co 
efficients  ZnO  and  SisN4  of  3x10“^  and  a  temperature 
change  of  l^C,  the  thermal  contribution  is  3x10'  ^. 
Hence  the  thermal  contribution  is  6  orders  of  magni¬ 
tude  larger  than  the  piesoelectric  contribution.  Be¬ 
cause  the  thermal  conduction  to  the  environment  is 
not  completely  known,  we  don't  know  what  the  tem¬ 
perature  is  ,  but  a  few  degrees  change  is  very  likely 
during  a  cycle  and  this  could  easily  take  care  of  this 
large  deAection 

FREQUENCY  DEPENDENCE 

We  have  measured  the  frequency  dependence  of 
the  tip  deflection  of  the  bimorphs,  as  shown  in  Agure 
2,  in  which  the  deflection  is  plotted  for  various  biasing 
voltages.  It  IS  observed  that  the  deflection  increases 
with  biasing  voltage,  as  was  to  be  expected  from  the 
static  deflection  measurements. 
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U  if  alfo  obferved  that  the  deflection  curve  atart- 
i  to  bend  down  at  around  10  Hi,  which  we  attribute 
to  air  damping;  this  occuri  long  before  the  resonance 
peahs  of  first  resonance.  Further,  it  is  observed  that 
without  bias,  the  "true”  resonance  occurs  at  142  Us, 
but  due  to  the  quadratic  behavior  of  the  bimorph  the 
first  subharmonic  is  also  observed  at  half  of  "true”  res¬ 
onance,  71  Hs.  Another  interesting  observation  is  that 
the  resonance  frequencies  are  subject  to  the  bias  volt¬ 
age.  The  bimorph  seems  to  stiffen  under  increasing 
bias  voltage.  A  plot  of  the  resonance  frequency  ver¬ 
sus  bias  voltage  is  given  in  figure  3.  This  effect  poses 
a  problem,  for  which  we  have  no  direct  answer.  If 
the  large  deflections  are  partially  due  to  Joule  heat¬ 
ing,  then  the  effect  of  heating  the  material  would  be 
to  soften  all  elastic  constants  which  would  lead  to  a 
lowetng  of  the  resonance  frequencies.  Here  we  see  the 
opposite.  The  phenomenological  treatment  of  this  ef¬ 
fect  would  be  to  include  a  field  dependent  term  in  the 
elastic  constant.  This  would  change  the  normal  elastic 
part  of  the  piesoelectric  equations  to  ; 

=  'fill  +  +  dsifis  (3) 

This  requires  the  presence  of  a  term  in  the 

thermodynamic  potential  of  which  5|  is  the  derivative 
with  respect  to  Ti.  The  thermodynamic  potential  is 
not  known  a  priofi,  it  is  not  the  Gibbs  function  be¬ 
cause  that  is  only  valid  with  constant  temperature.  Let 
us  call  it  X.  From  (3)  we  can  conclude  that  the  elastic 
part  of  X,  Xti  should  be: 

X.I  =  i.fiT’  +  (4) 

The  dielectric  part  of  X,  X«  has  no  unusual  features, 
so  it  will  just  be: 

X4i  =  (*) 

For  the  total  thermodynamic  potential  we  find  that  it 
should  be: 

X  =  X.I  +  X*  = 

+  I'utEiTj  +  (6) 

The  dielectric  part  of  the  constitutive  equations  will 
now  be  or  : 

Dj  =  +  daiTi  +  (7) 

The  term  containing  7  describes  the  elastostriction  ef¬ 
fect  [6j. 


REFERENCES 

1  J.G.Smits,  Susan  I.  Dalke,  Thomas  K.  Cooney 
The  Constituent  Equations  of  Piesoelectric 
fiimorphs.  Sensors  and  Actuators,  Vol.  28  19dl 
pp-41-61. 

2  hi.  Okyuyama,  Y.  Hamakawa,  Ferroelectric 
PbTiO)  Thin  films  and  their  application.  Int.  J 
Engug.  Sci.  Vol  29,  pp39l-400  1991 

3  M.Okyama,  Y.  Hamakawa,  Si-  Monolithic  Minia¬ 
ture  Ultrasonic  Sensor  Using  PbTiOs  Thin  Film 
Prepared  on  a  Si  or  SiO^  Cantilever.  Sensors  and 
Materials,  Voi  1  (1988)  pp.  iJ>-24. 

4  M.Sayer,  Piesoelectric  Thin  Films  Devices,  Pre¬ 
sented  at  the  IEEE  Ultrasonics  ’91  Symposium. 
December  8-11,1991. 

5  F-R-Blom,  D.J.Yntema,  F. C  M. Van  De  Pol, 
M.Elwenspoek,  J.h.J.Fluitman,  and  J  A  Popma, 
Thin-FUm  ZnO  as  Micromechanical  Actuator  at 
Low  Frequencies.  Abstract  of  Transducers  ’89. 
5th  International  Conference  on  Solid-State  Sen¬ 
sors  and  Actuators  and  Eurosensors  III,  June  25- 
30,  1989,  Montreux,  Switserland,  p.l21. 

6  Shiv  R.  Joshi,  Nonlinear  Constitutive  Relations 
for  Piesoelectric  Materials.  Abstracts  Active  Ma¬ 
terials  and  Adaptive  Structures  Symposium,  page 
87,  November  4-8  1991,  Alexandria,  VA. 

7  Jan  G.Smilsand  Wai-shing  Choi,  The  Constituent 
Equations  of  Piesoelectric  Heterogeneous  Bimorphs 
IEEE  Transactions  on  Ultrasonics,  Ferroelectrics 
and  Frequency  Control,  Vol.  38,  1991,  pp  256 
270. 


166 


DOMAIN  WALL  MOTION  IN  PIEZOELECTRIC  MATERIALS 
UNDER  raCH  STRESS 

S.  Sherrit,  D.B.  Van  Nice,  J.T.  Graham, 

B.K.  Mukhei'jee,  H.D.  Wiederick 

Royal  Military  College  of  Canada,  Kingston,  Ontario,CANADA 


ABSTRACT 

We  have  investigated  the  tiae  dependence  of  P2T 
(Navy  I  and  III)  to  a  high  stress  applied  parallel 
to  the  poling  axis.  The  tine  dependence  was  found 
to  be  linear  in  ln(t},  with  slope  activated  in 
temperature  with  an  activation  energy  of  0.29  eV- 
0.32eV  for  the  the  Navy  I  material  and  0.62  eV-  0.80 
eV  for  the  Navy  III  material.  The  slope  was  also 
found  to  be  linear  in  stress.  We  have  postulated 
that  this  time  dependence  is  due  to  reorientation  of 
the  90°  domains  in  the  sample. 

INTRODUCTION 

The  increase  in  use  of  ferroelectric  actuators 

for  stable  microposition  and  high  stress 
12  3  4 

applications  '  has  led  to  renewed  interest  in 

ferroelectric  hysteresis  and  domain  wall  effects?’* 
Typically  for  an  ideal  actuator  material  one  would 
like  a  response  that  is  rate  Independent  and  linear 
in  the  electric  or  stress  fields.  However,  for  most 
common  materials  the  piezoelectric  response  is  not 
linear  at  high  fields^  and  the  response  of  the 
material  is  found  to  be  dependent  on  the  rate  of 
application  of  the  field*.  In  this  paper  we 

describe  an  apparatus  we  have  developed  to  test  the 
piezoelectric  response  of  Navy  I  and  Navy  III  PZT  at 
high  stress. 

EXPERIMENTAL 

The  apparatus  is  shown  in  Figure  1.  A 
piezoelectric  voltage  is  Induced  across  a  0.  S  pF 
capacitor  (General  Radio,  Roc^  lo'^G)  in  parallel 
with  the  sample  by  compressing  (T  up  to  50  MPa)  a 
disk  shaped  sampleof  PZT  in  a  Monsanto  tensometer 
converted  to  allow  for  compression.  The  voltage 
across  the  sample  and  shunt  capacitor  is 
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Figure  1.  Schematic  of  the  apparatus  used  to  measure 
voltage,  stress  curves. 

measured  using  a  Keithly  619  electrometer  which  has 
a  200  TO  input  Impedance.  The  sample  is  isolated 
from  the  apparatus  using  two  2  cm  thick  lucite 
disks.  The  force  (Y  output  on  tensometer)  is 
monitored  using  a  Keithly  199  Digital  Multimeter/ 
Scanner.  The  sample  temperature  is  set  using  a  heat 
lamp  and  the  temperature  is  measured  using  a 
chroDMtl-alumel  thermocouple.  The  rate  of 
application  of  the  stress  is  controlled  by  a  series 
of  Belleville  washers  mechanically  in  series  with 
the  sample.  In  order  to  produce  a  step  function  in 
stress  the  Belleville  washers  are  resmved. 

It  is  important  to  note  that  this  experimental 
setup  has  a  time  constant  of  the  order  of  a  10*-  10* 
seconds  and  that  surface  contamination  of  the 
insulating  ucite  blocks  can  affect  the  measurement 
by  reducing  the  tlsie  constant  and  care  should  be 
taken  to  counter  this.  It  should  also  be  noted  that 
although  the  stress  is  applied  parallel  to  the 
direction  of  poling  the  strain  field  in  the  1  and  2 
directions  can  be  produce  substantial  stress  in  the 
plan  due  to  traction  at  the  surface  of  the  disk. 
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RESULTS 


The  Initial  impetus  for  this  research  was  to 

measure  d  as  a  function  of  the  ramped  stress  T  by 

33 

noting  that 


d  =i? 

33  dT 


dF  ■  dF' 


(1) 


where  D,Q,C,V  are  the  dielectric  displacement, 
charge,  total  capacitance  of  the  sample  and  shunt 
capacitor  and  voltage  respectively.  The  Force  F  is 
equal  to  the  product  of  the  disk  area  and  stress. 


Stress  (MPa) 

Figure  2.  Voltage  stress  curve  for  a  Navy  I  sample. 


Stress  (MPa) 

Figure  3.  d  =  as  a  function  of  the 

“  33  dF 

compressive  stress. 

The  curve  in  Figure  2  shows  the  voltage  as  a 
function  of  the  stress  as  the  stress  is  increased  to 
51  MPa  and  then  decreased  back  to  the  starting 
stress  for  a  Navy  I  PZT  sample  produced  by  B.M 
Hi-Tech  of  Collingwood,Ont.  A  force  of  20  kN 
corresponds  to  a  stress  of  about  51  MPa  for  this 
sample.  The  ramp  rate  in  stress  at  low  stress  (T  < 
10  MPa)  is  about  0.2  MPa/s.  At  higher  force  the 


ramp  rate  is  2.0  MPa/s.  This  was  accomplished  by 
putting  two  Belleville  washers  with  different  spring 
constants  in  series  and  straining  the  combination  at 
a  constant  rate.  As  can  be  seen  in  Figure  2  there 
exists  both  a  time  dependent  and  nonlinear  behavior. 
The  time  dependence  is  seen  in  the  hysteresis  and 
change  in  slope  of  the  V  vs  T  curve  as  the  ramp  rate 
in  force  changes  at  10  MPa.  The  time  dependence  is 

accentuated  in  the  plot  of  d  vs  stress  shown  in 

33 

Figure  3.  As  can  be  seen  an  abrupt  change  occurs  as 
the  stress  ramp  rate  changes.  If  the  hysteresis 
were  due  to  leakage  current  in  the  electrometer  or 
shunt  capacitor  one  would  expect  that  the  voltage 
ramping  down  in  stress  would  be  lower  than  the 
voltage  ramping  up  in  stress;  however  the  opposite 
is  true,  which  suggests  that  the  ramp  rate  in  stress 
was  too  fast  to  allow  the  piezoelectric  to  respond. 

In  order  to  investigate  the  time  response  the 
Belleville  washers  were  removed  amd  a  51  MPa  step 
was  applied  to  the  sample  in  a  few  seconds.  The 
piezoelectric  voltage  was  monitored  as  a  function  of 
time  for  up  to  10^  seconds.  The  results  are  shown  in 
Figure  4.  As  can  be  seen  in  the  figure  the  voltage 
response  of  the  PZT  sample  is  linear  in  logarithmic 
time  at  low  times  and  as  the  time  approaches  1000 
seconds  the  RC  decay  of  the  apparatus  begins  to 
dominate.  The  data  were  found  to  fit  a  function  .f 
the  form 

V  =  [V  ♦  mln(t))e^'‘-'^'^*  (21 

O 

where  V  is  the  intercept  of  the  voltage  axis,  RC  is 

O 

the  time  constant  of  the  apparatus,  and  ro  is  the 
slope  of  the  curve  at  t  <  500  s.  It  should  be  noted 
that  the  maximum  voltage  is  smaller  for  the  data  in 
Figure  4  compared  to  Figure  2  even  though  this  is 
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Figure  4.  The  time  dependence  of  a  stress  aged  Navy 
I  sample  at  high  stress. 
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the  saoe  sample  and  the  same  force  was  applied. 

The  decrease  in  voltage  is  due  to  stress  aging. 
If  the  sample  was  left  at  high  stress  (50  Mpa)  for 
sufficient  time  (  >10^  seconds!  a  significant 
decrease  in  the  voltage  occurred,  which  stabilized 
at  about  4S‘/.  its  initial  value.  It  was  also  noted 
that  the  aging  time  decreased  as  the  temperature  was 
increased.  Samples  that  initially  showed  clean 
radial  resonances  displayed  many  sideband  resonances 
after  stress  aging. 

The  voltage  time  plots  at  three  different 
temperatures  are  shown  in  Figure  5.  As  can  be  seen 
from  the  curves  the  slope  m  is  seen  to  increase  with 


Time  (a) 

Figure  5.  The  time  dependence  of  a  stress  aged  Navy 
I  sample  at  various  temperatures. 

increasing  temperature  which  suggested  that  the 
domain  wall  motion  causing  this  time  dependence  was 
thermally  activated.  We  fit  the  data  using  an 
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Figure  6.  An  arrhenius  plot  of  In(mT)  vs  1/T  for 
Navy  I  and  III  materials.  The  quantity  mT  is  in  VK. 


Arrhenius  equation  of  the  form 

.  .  -  (3) 

where  Ea  is  the  activation  energy  and  mo  is  a 
pre-exponential  factor.  The  data  and  fit  to  the 
data  using  equation  (3)  are  shown  in  Figure  6  for  a 
Navy  I  ^nd  Navy  III  sample.  As  can  be  seen  from  the 
figure  the  fit  is  good  at  least  over  the  limited 
temperature  range  between  25°  C  and  70°  C.  The 
activation  energy  of  the  Navy  I  sample  was 
determined  to  be  0.29  eV  The  experiment  was 
repeated  for  another  Navy  1  sample  from  a  different 
batch  and  the  activation  energy  was  found  to  be  0.32 
eV  The  activation  energy  for  the  Navy  III  sample 
was  determined  to  be  0. 62  eV.  however  we  have 
measured  activation  energies  as  high  as  0.80  eV  for 
other  Navy  III  samples. 

The  slope  of  the  ln(t)  time  response  is  plotted 
as  a  function  of  the  applied  stress  in  Figure  7  for 
a  Navy  I  sample.  The  slope  is  found  to  be  linear  in 
stress  up  to  42  MPa.  We  have  monitored  the  stress 
relaxation  of  the  apparatus  with  and  without  the 
sample  present  and  found  that  when  the  PZT  sample  is 
present  the  stress  relaxation  is  increased.  This 
result  atnd  the  slow  time  response  that  we  have 
measured  suggests  that  the  time  dependent 
piezoelectric  response  is  associated  with  the  domain 
motion  of  90°  domains.  The  slow  response  and 
activation  with  temperature  is  thought  to  be 
associated  with  the  rearrangesient  of  the  atoms  as 
the  domains  flip  90  degrees. 

It  is  interesting  to  note  that  this  logarithmic 
time  response  is  responsible  for  the  dispersion  in 
the  piezoelectric  constant  at  low  frequencies.  If 
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Figure  7.  The  slope  m  as  a  function  of  the  applied 
stress  for  a  Navy  I  sample. 
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dependence  at  high  electric  field. 


a  alowly  varying  AC  stress  Is  applied  to  the  sample 
at  about  0.10  Hz  only  domain  wall  motion  that  can 
keep  pace  with  the  changing  stress  will  contribute 
to  the  measured  signal.  As  the  frequency  is 
decreased  more  domains  have  time  to  re-allgn  and  the 
response  is  larger.  This  suggests  that  when  making 
direct  measurements  of  the  piezoelectric  response  at 
high  fields  the  time  dependence  can  become 
significant  and  the  measurement  is  likely  to  display 
dispersion. 

The  time  dependence  is  also  found  in  the 
dielectric  constant,  as  is  shown  in  Figure  8.  The 
curves  show  the  measured  capacitance  of  a  Navy  I 
sample;  a)  prior  to  stressing  the  sample,  b) 
stressed  at  SO  MPa  for  periods  greater  than  an  hour, 
c)  immediately  after  releasing  the  stress.  The 
measurement  frequency  for  the  capacitance  was  1  kHz. 
The  result  Is  a  consistent  decrease  in  capacitance 
at  high  stress  and  an  increase  in  capacitance  as  the 
stress  is  released  regardless  of  the  temperature. 
The  decrease  in  capacitance  is  not  responsible  for 
the  increased  voltage  as  a  function  of  time  since 
the  standard  capacitor  is  200  times  greater  than 
that  of  the  sample  and  a  fractional  change  in  the 
sample  capacitance  would  be  too  small  to  account  for 
the  change  in  voltage  with  time. 
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Figure  8.  The  capacitance  of  the  sample  at  1 
kHz  as  a  function  of  temperature.  The  various 
curves  are;  a)  prior  to  stress,  b)  stressed  at  50 
MPa,  and  c)  immediately  after  stress  is  released. 
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These  results  also  suggest  that  part  of  the 
ferroelectric  hysteresis  found  in  D-E  curves  can  be 
attributed  to  the  time  responce  of  the  piezoelectric 
ceramic  under  high  field  and  experiments  are 
currently  being  set  up  to  investigate  the  time 
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Abstract .  Practically  all  macroscopic  properties  of 
ferroelectrics  are  enctensively  influenced  by  their 
dcnain  structures  though  the  mechanisms  involved  vary. 
First  tae  survey  the  role  of  domains,  whether  of  advan¬ 
tage  or  detrimental,  in  practical  devices.  Following  is 
a  brief  review  of  recent  progress  in  selected  areas  of 
research:  role  of  ferroelasticity  in  the  formation  of 
domain  structures  (2D  and  3D  constraints),  domain  wall 
conditioned  permittivity,  high  field  dielectric  res¬ 
ponse  of  ferroelectric  lock-in  phases.  Finally  several 
topical  subjects  promi sing  interesting  prospects  are 
mentioned. 

1 .  Introduction.  Dcmain  phenomena  in  applications 

The  investigations  of  domains  in  ferroelectric, 
ferroelastic  and  in  ferroic  materials  in  general  have 
become  an  extensive  field  of  research.  A  series  of 
specialized  conferences  has  been  established  to  provide 
a  forum  for  researchers  in  this  area:  the  first 
International  Symposium  on  Domains  in  Ferroelectric  and 
Related  Materials  was  held  in  1989  at  Volgograd,  the 
second  took  recently  place  at  Nart-es.  The  Proceedings 
/1, 2/  as  well  as  previous  special  issuers  of  Ferroelec¬ 
trics  on  dcmain  structures  /3/'  give  a  good  insight  into 
the  manifold  activities  in  the  studies  of  domains  and 
domain-conditioned  phenomena.  In  the  Soviet  Union, 
another  series  of  neetings  was  originated  on  ferroelas 
tic  materials.  A  good  deal  of  phencxnena  in  ferroelas- 
tics  are  connected  with  domains  and  thus  the  Proceed¬ 
ings  serve  as  an  invaluable  source  of  information  /4/. 
Some  aspects  are  treated  in  the  recently  published  book 
of  Salje  /5/. 

Consider  a  standars  (poly) crystalline  dielectric 
sample  such  as  TiO^  forming  the  heart  of  a  device. 

External  forces  such  as  electric  field  and  mechanical 
stress  (vdiether  static  or  in  form  of  a  wave)  result  in 
modifications  of  its  properties  which  may  be  directly 
measured  e.g.  by  its  dielectric  response  or  sensed  by 
probes,  e.g.  by  a  laser  beam.  These  modifications  are 
described  by  tensorial  properties  ( electromechcinical , 
photoelastic,  etc.)  which  are  tabulated  in  textbooks  of 
crystal  physics.  All  one  needs  to  know  is  the  syitmetry 
of  the  sample  and  the  geonetry  of  the  setup.  If, 
however,  in  the  black  box  there  is  a  ferroelectric 
material,  it  may  be  divided  into  domains  vAiich  make  the 
device  to  exhibit  a  much  wider  variety  of  phenomena. 
Its  overall  response  to  external  forces  involves  {cf. 
fig.  1) 

-  tensorial  properties  of  dorains,  depending  on  their 
volume  and  orientation, 

-  enhanced  susceptibilities  (such  as  electric,  irecha- 
nical,  piezoelectric)  due  to  donain  walls, 

-  dcrain  volume  redistribution  (switching), 

-  phencmena  resulting  frem  inpedance  junps  on  the 
walls  which  influence  wave  propagation  (such  as 
light  scattering  or  waveguiding) . 

To  describe  the  overall  response  is  a  rather  com¬ 
plex  task.  In  contrast  to  the  previous  case  more  entry 
information  will  be  required  about  the  content  of  the 
"black  box". 

Studying  dcmain  phenomena  offers,  for  basic  re¬ 
search,  a  rewarding  subject;  often  by  relatively  sinple 
means  we  obtain  surprising  and  interesting  results. 
Still,  it  was  and  is  the  quest  for  applications  that 
provides  the  most  effective  inpetus  for  further  dcrain 
research.  It  was  soon  realized  that  it  was  the  dcrain 
phencmena  which  were  responsible  for  the  effectivity  of 
poling  process  in  barium  titanate  ceramics  and  for  its 


possible  subsequent  time  changes.  A  concentrated  hunt 
for  ferroelectric  memories  terminated  around  1960, 
though  with  little  success.  Optically  addressed 
memories  based  on  domain  processes  in  bismuth  titanate 
and  PLZT  came  next.  Discovery  of  coupled  ferroelectri- 
city  and  ferroelasticity  in  gadolinium  molybdate  led 
to  constructing  ingenious  devices  based  on  single 
dcmain  wall  behaviour  rather  than  on  statistical  pro¬ 
cesses.  The  recent  wave  of  interest  originates  in  the 
de\’elopment  of  thin  film  meiTDries  and  pjerhaps  also  in 
several  other  practical  aspDects  to  be  mentioned  later. 

Table  1  gives  a  simplified  overview  surveying  major 
application  efforts.  Letters  in  the  1st  column  spjecify 
the  role  of  domains.  In  A  domains  reduce  figures  of 
merit  or  result  in  increased  noise  of  the  device.  In 
contrast,  in  the  B  category  the  device  function  relies 
ccnpletely  on  the  presence  of  static  doitBin  structure 
or  on  dcmain  switching.  In  the  case  C  donBins  may  im¬ 
prove  the  function  (enhanced  SHG  in  periodic  domain 
textures ,  domain  f ixing  of  holograms ) .  It  is  rather 
interesting  that  in  the  curea  where  ferroelectrics 
became  unJaeatable,  i.e.  in  piezoelectric  ceramics, 
domains  play  a  two-fold  contravening  role;  we  despe¬ 
rately  need  than  for  p»ling  and  after  that  they 
become  highly  unwanted;  this  is  the  box  D.  In  the  last 
column,  +  indicates  ccnmercial  availability  of  the 
device.  For  demain-oriented  researchers,  its  presence 
at  switching  elements  is  a  new  and  stimulating  fact. 

All  these  categories  put  specific  requirements  on 
dcmain  behaviour.  They  range  from  mastering  poling 
processes  and  stability  oof  single  dcmain  states  (A), 
over  wall  motion  with  well  defined  threshold  and  no 
time  degradation  (part  of  B),  formation  of  retunable 
regular  textures  (parts  of  B  and  C)  up  to  blocking 
dcmain  walls  to  reduce  their  linear  response  (D).  In 
vhat  follows  we  give  a  short  review  of  recent  progress 
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Fig.  1  Types  of  response  of  the  ferroelectric 
sample  in  a  device 


Table  1 .  SURVEY  CF  APPLICATIONS  OP  FSWQQJCXRXCS 


physical  property 

exanple  of  device 

permittivity 

capacitors,  themcneters 

■f 

microwave  r^onaUirs 

'f 

pyroelectricity 

IR  detectors,  imaging 

* 

electro-optics 

luiped  modulators 

♦ 

spatial  li<^t  modulators 

♦ 

A 

directional  couplers 

- 

nonlinear  optics 

frequency  multipliers 

+ 

parametric  oscilators 

■f 

phase  conjugators 

- 

photorefraction 

optical  memories 

- 

image  processors 

- 

electric  bistability  switching  elements 

analog  memories 

- 

switchable 

light  valves 

■f 

birefringence  displays 

- 

B 

optical  memories 

- 

image  processors 

- 

diffraction  gratings 

- 

diel.  nonlinearity 

varicible  capacitors 

- 

electro-optics 

diffraction  gratings 

- 

piezoelectricity 

hypersonic  transducers 

- 

C 

nonlinear  optics 

second  harm,  generators 

_ 

photoref  raction 

optical  memories 

- 

piezoelectricity 

transducers,  motors 

+ 

D 

sensors,  positioners 

resonators,  filters 

•f 

A  -  dcmains  unManted.  B  device  on  dcnein 

structure  or  switching.  C  -  dcmains  may  in(3rove 
device  function.  D  -  dcmains  in  ceramics  play 
a  two-fold  role. 


in  a  few  selected  areas.  In  the  2nd  section  we  present 
a  brief  discussion  of  the  formation  of  ferroelastic 
dcnains  due  to  mechanical  boundary  conditions.  Next,  we 
review  dcxnain  vrall  contribution  to  susceptibilities. 
Sere  en^hasis  will  be  put  on  the  properties  of  lock-in 
phases  originating  in  incorrensurate  jteses.  Their  spe¬ 
cific  high-field  nonlinear  behaviour  will  be  shortly 
dealt  with  in  the  4th  section.  Finally,  we  point  out 
sore  topical  interesting  problems. 

2.  Dcmain  formation.  Ferroelastic  approaches 

In  recent  years  a  considerable  progress  has  been 
achieved  in  understanding  the  role  of  ferroelasticity 
in  the  formation  of  dcmains.  A  pair  of  domains  1 ,  2  is 
called  ferroelastic  if  the  two  constituents  differ  in 

1  2 

spontaneous  strain  tensor  u^,  u^,  measured  with  res¬ 
pect  to  the  paraelastic  phase.  For  mechanically  free 
conditions,  the  u^  tensor  determines  the  chcinge  of 

shape  of  a  finite  sanple  and  the  chcinge  Av(T^)  of  the 
unit  cell  volume  at  the  transition  tejiperature  T^. 
The  latter  is  given  by  the  trace  of  the  u^  determinant. 

Let  us  recall  that,  but  for  the  dcrains  with  anti¬ 
parallel  polarization  and  for  antifrfiase  pairs,  all 
other  dcmain  pairs  in  cottmon  ferroelectric  ceramic 
materials  are  ferroelastic. 

Cleeurly,  ferroelastic  dcmain  pattern  can  be  influ¬ 
enced  by  mechanical  stress.  Methods  of  engineering 
regular  dcmain  patterns  by  external  applied  stress  or 
by  built-in  defects  have  been  surveyed  in  ref./6/.  Here 
we  shall  briefly  review  some  results  concerning  the 
role  of  boundary  conditions.  Having  in  mind  the  situ¬ 
ation  during  the  donmn  fomation,  i.e.  at  the  phase 
transfonnation,  two  cases  A  and  B  can  be  treated 
separately.  In  A,  the  transformation  process  in  a 
sample  proceeds  in  restricted  volume.  This  is  particu¬ 
larly  relevcint  to  ceramics  vdiere  a  grain  is  in  contact 
with  neighbouring  natter  and  can  be  considered  as 
clanped  (3D  clanping).  In  B,  it  is  taken  into  account 
that  during  the  treuTsfomation  of  the  1st  order  or 


during  the  2nd  order  transiticxi  in  a  tenperature 
gradient  the  paraelastic  and  ferroelastic  phases  mist 
coexist,  meeting  along  a  phase  boundary,  which  limits 
the  development  of  strain  ( 2D  clanping ) .  In  either 
case,  there  is  a  close  similarity  to  problems  treated 
in  theory  of  martensitic  transformaticais  in  metals. 

A)  Transitions  in  restricted  volume  have  been 
considered  in  a  number  of  papers  by  Roitburd  ( see 
/7,8/  and  for  ferroelectrics  in  particular  the  problem 
was  discussed  by  Arlt  ./9,10/.  Consider  a  hypothetical 
conpound  transforming  into  any  of  two  single  denain 

1  2 

states  characterized  by  strains  u  and  u  and  sche- 

s  s 


Fig.  2  Derains  in  restricted  volume: 
stress  relief  in  2D.  See  text 

matically  represented  in  fig.  2a;  we  assume  for  the 
cenponents  is~“'^22s^s‘  transition  proceed 

under  clanped  conditions,  the  elastic  energy  develops 
extending  over  the  sanple,  with  the  density 

2 


LVi,.,^(long.r.)=(c 


11  '^12^*^s* 


(1) 


in  vhich  c^^  denote  elastic  moduli  and  which  nay  reach 

appreecicJole  values  cempared  to  energy  gain  due  to  the 
change  of  phase:  this  nay  lead  to  suppressing  the 
transition.  However,  if  a  polydemain  state  is  formed 
such  as  in  fig.  2b,  the  average  strain  is 


/u  N=(1-c4)u^  +o4u^ 
^  S'  s  s 


(2) 


vdiere  the  volume  fraction  of  dcmain  2  is  .  For  <^=1/2 
we  have  r.)=0.  Still,  the  matching  with  the 

surroundings  is  not  perfect  (fig.  2c)  and  it  has  beeen 
shown  that  the  misfit  elastic  energy  extending  over  a 
thin  layer  at  the  surface  lias  the  approximate  form  /10/ 


=Kc^^/2  d/g. 


(3) 


Here  K  is  a  numerical  factor,  the  angle  (3  is  defined  in 
fig.  2c,  d  stands  for  the  dcmain  slab  thideness  and  g 
for  the  sanple  linear  dimension.  The  occurence  of  do¬ 
main  walls  in  the  sanple  (grain)  is  connected  with  the 
energy  density  per  unit  volume 


U 


wall” 


T/d 


(4) 


where  d"  denotes  the  surface  wall  energy  density.  By 
minimizing  the  sum  of  the  last  two  energies  we  obtain 
for  the  equilibrium  domain  width  /10/ 


d=(cr/Kc^^  /3 


(5) 


This  is  the  example  of  a  stress-reli '^ving  dcmain 
mcchanisrr  J;i  t- dimensions  (in  fig.  2b, c)  walls  are 
assumed  pierpiendicniLar  to  papier).  Sinc:e  with  decreasing 

grain  size  g  the  wall  energy  decreases  as  g  while  the 
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(5c) 


Fig.  3  Domain  width  vs.  grain  size. 

After  /10/ 

elastic  energy  as  g^,  there  exists  a  critical  size 
g^^^^  below  which  the  grain  remains  single  domain.  Fig. 

3  ta)cen  from  ref.  10  shows  that  for  BaTiO^  ceramics  the 
proportionality  (5)  is  well  satisfied  within  sane 

interval.  The  model  leads  to  the  estimation  g  .._=40nm. 

crit 

If  the  material  allows,  by  synmetry,  for  mare  than 
one  ferroelastic  domain  pair  (e.g.  tetragonal  BaTiO^), 

the  stress  relief  requirement  may  lead  to  mare  ccmpli- 
cated  3D  donain  textures.  The  most  often  occuring 
pattern  in  coarse-grain  ceramics  of  barium  titanate  is 
reproduced  in  fig.  4  /ll/  (arrows  indicate  direction  of 
polarization).  Its  remarkable  feature  /II/  is  that  it 
can  be  polarized  without  appreciable  change  in  averaged 
strain.  It  appears  that  similar  studies  of  stress 
relieving  donain  configurations  for  orthorhombic  and 
rhoniDohedral  phases  of  pciovskites  such  as  PZT  have  not 
yet  been  performed. 


Fig.  4  IXamain  configuration  in  BaTiO,  ceramics: 
stress  relief  in  3D 

B)  For  a  mechanically  free  sanple,  i.e.  when  all 
applied  stress  cctiponents  vanish,  the  ground  state  of 
the  ferroelastic  phase  is  single  dcnain  and  the  above 
considerations  do  not  apply.  However,  during  the  1st 
order  transition  process  the  two  phases  are  in  mecha¬ 
nical  contact  and  this  results  in  2D  elastic  con¬ 
straints.  The  problehnof  phase  coexistence  and  its 
consequences  for  the  formation  of  ferroelastic  dcmains 
has  been  treated  by  a  number  of  authors  (e.g.  refs.  12 
to  15).  The  basic  question  is :  can  a  planar  phase 
boundary  (PB)  exist  with  a  single  dcrain  state  on  one 
side?  This  may  call  for  sane  general  deformation  of 
lattices  on  both  sides  connected  with  the  elastic 
energy  AU.  To  keep  A'J=0  we  require  that  the  strain 
additional  u  (on  the  ferroelastic  side)  is  zero. 
A  PB  perpendicufar  to  the  vector  n  which  fulfils  this 
requirement  nay  be  referred  to  as  nermiasihle  PRv 
exist.s  when  Uie  'cllcwlrg  conditions  are  satisfied: 

+  ApSj)  <5a) 


Ui  .j=(1/2)(s.nj  -  n.s.). 

Here  s  is  the  displacement  vector.  The  last  equation 
defines  mutual  rotation  of  the  tw  lattices.  The  first 
one  pots  sane  restrictions  cxi  the  u^  tensor.  For  trein- 

sitions  at  which  Av(T^)=0  the  problem  of  PB  existence 

was  discussed  in  refs.  12,  13.  All  ferroelastic  transi¬ 
tions  are  classified  into  twD  group®:  permissible  PB 
(1)  does  or  (2)  does  not  exist.  Understandably,  appro¬ 
ximate  solutions  are  also  possible  /1 3/.  It  is  obvious 
that  if  a  PB  exists  between  tlie  parent  p)hase  eind  a 
particular  domain  state  (a),  another  PB  is  permissible 
between  the  parent  phase  and  the  dcmain  state  (b):  both 
cire  related  by  appropriate  symmetry  elements. 

Two  practical  results  emerge  from  these  consi¬ 
derations.  First,  suppose  that  a  permissible  PB 
between  the  paraelastic  phar.e  and  the  domain  state  (a) 
does  exist,  having  the  orientation  (hkl).  If  the 
transfomation  proceeds  in  a  tenperature  gradient  gradT 
oriented  perpendicularly  to  (h)cl),  the  probability  that 
the  crystal  goes  over  into  a  single  donain  state 
is  greatly  enhanced.  Thus  cooling  in  an  oven  with  con¬ 
trolled  sanple  rotation  provides  a  method  for  obtaining 
single  domain  sanples.  This  has  been  demonstrated  for 
PbZrO^  where  a  "sharp"  PB  leading  to  single  domain  is 

the  (130)  plane  /1 4/  and  also  for  NaNbO^  crystals  /1 5/, 

The  same  trick  is  jaeing  used  for  poling  BaTiO^  crystals 
for  oprt:ical  applications. 

In  the  alternative  case,  a  permissible  PB  does  not 
exist  sinply  because  the  spontaneous  strain  ccrponents 
do  not  allcw  for  a  solution  of  eq.  (5).  As  shown  abo.c 
by  eq.  (2),  a  dcmain  texture  consisting  of  properly 
chosen  dcmain  states  with  relative  occupancy  ot  makes 
it  possible  to  control  the  average  spontaneous  strain 
<Ug')>  .  Even  in  this  case  eqs.  (5)  can  be  used  to 

determine  (hkl)  of  the  PB  betveen  the  paraelastic  phase 
and  twinned  ferroelastic  phase  such  that  the  elastic 
energy  is  minimized  and  at  the  same  time  we  obtain  the 
volume  fraction^  .  Thus  the  sinple  theory  predicts  the 
PB  for  multidcmain  states  as  well  as  the  dcmain  wall 
density.  The  cubic  to  tetragonal  transiticsi  in  NaNbOj 

/1 5/  with  spontaneous  strain  ccrponents  u  ,  u  provides 

®  1/f 

one  of  kncwn  exanples.  We  obtain  h=(u  /u  )  ,1=0, 

-1/2  a  c 

)t=/(Ug+u^)/u ^  ,  ot/(  l-ol  )=-u^u^.  For  the  last  fac¬ 

tor  this  calculation  gives  2.12  and  the  observed  value 
of  2  is  close.  The  calculated  values  of  angles  which  n 
itBkes  with  the  crystallographic  axes  agre  well  with 
observations,  within  a  1  degree  accuracy. 

In  both  3D  and  2D  constraint  cases,  the  resulting 
dcmain  structure  is  formed  at  the  transition  teirpera- 
ture.  Below  it,  therefore,  it  has  to  be  considered  as 
metastable.  Still,  the  relaxation  times  can  be  expected 
to  be  very  long,  especially  for  3D  constraints  which 
survive  at  Icwer  terperatures ,  though  quantitatively 
modified. 

The  two  mechanisms  A,  B  illustrate  model  situations 
in  v^ch.  the  effect  of  stresses  has  been  at  least 
apjproxinHtely  accounted  for  by  theory.  Sane  observa¬ 
tions  accentuate  even  fuirther  their  role.  In  a  )x>racite 
crystal  /'1 6/  a  new  orthorhombic  transient  pha.se  occurs 
in  the  vicinity  of  a  non-piermissible  cubic/tetragonal 
PB  vhich  is  believed  to  be  induced  by  the  stress  around 
the  PB.  In  lead  orthovanadate,  ccrplicated  star-like 
dcmain  patterns  are  formed  in  the  ferroelastic  phase 
containing  regions  in  which,  due  to  the  high  stress 
concentration,  the  paraelastic  phase  is  stabilized 
/1 7/.  Phenomena  like  these  may  seriously  influence 
macrcccopi:,  proparties  of  rmi’ lidomain  '--irpies. 

We  may  mention  that  the  2D  constraint  along  the 
phase  boundary  resembles  a  kind  of  epitaxy.  The  present 
interest  in  epitaxial  ferroelectric  layers  will  inevi 
tably  lead  to  investigating  2D  constraint  conditions 
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along  the  layers,  taking  into  acxxjunt  elasticity  of 
the  substrate  and  splitting  of  the  layer  into  ferro- 
elastic  dcmains,  and  to  formulation  of  siitple  models 
vAuch  nay  use  the  results  already  known  for  PBs. 


3.  Dcrain-wall  attributed  susceptibilities 


It  is  accepted  generally  that  domain  walls  may  in¬ 
crease  the  permittivity  by  a  contribution  A£ .  Despite 
of  that  for  no  naterial  a  satisfactory  set  of  data  is 
available  that  vould  lead  to  a  model  convincingly 
explaining  this  behaviour,  ig.  5  shews  schematically 
basic  mechanisms  of  A£  .  In  a ) ,  the  crystal  lattice 
tdthin  the  wall  responds  by  permittivity  differing  by 
with  respect  to  the  bulk.  In  b),  the  wall  (now 
represented  by  a  single  line)  shifts  retaining  its 
planarity  while  in  c)  it  reacts  as  a  membrane,  being 
pinned  at  discrete  points.  In  d)  a  nucleus  (cluster) 
with  opposite  polarization  is  formed  on  (at)  the  wall. 


Fig.  5  Mechanisms  of  A£  ,  schematically 

Dispersion  behaviour  for  a)  depends  on  the  micro¬ 
scopic  details:  here  iS may  relax  in  the  radiofrequency 
region  (reversal  of  permanent  dipoles)  or  up  to  the 
infrared.  In  the  wall-shift  mechanisms  b,c,d  we  expect 
that  ££{U>)  will  be  governed  by  the  equation  of  motion 

m(  d^x/dt^ ) +  ( dx/dt ) +kx=2P^E  ( 6 ) 

The  very  existence  of  >  0  depends  on  the  restoring 
force  coefficient  k  and  to  elucidate  its  origin  is  the 
main  task.  Basic  mechanisms  considered  are:  pinning  to 
local  defects  /18, 19,20/,  pinning  to  surface  /21/, 
interaction  between  close  walls  /19/. 

Coupling  to  strain  may  also  be  essential .  Two 
simple  cases  are  schanatically  shown  in  fig.  6.  In  a). 


Fig.  6  Two  siitple  cases  od  domain  coupling 
to  induced  strain 


domains  differ  in  sign  of  the  piezoelectric  coeffi¬ 
cient  d^^  cind  thus  applied  field  tends  to  create  the 

surface  profile  shewn  which  is  difficult  to  realize: 
the  higher  density  of  domains  the  more  effective  is  the 
dcirain  clamping.  Thus  at  frequencies  below  the  thick¬ 
ness  resonance  doreins  decrease  the  nagnitude  of 
oermittivity  from  free  to  clamped  value  and  vdien  wall 
shifts  are  small  we  have  effectively  A£<0.  This  effect 
was  indeed  observed  for  BaTiO^  722/ . 

In  b),  spcxitaneous  shear  u._  exists  due  to  piezo¬ 
electric  coupling  in  the  paraeiectric  phase.  In  a 
multidomain  sample  the  '"'erall  Field  induced 

vail  shifts  /23/  lead  to  macroscopic  shear  deformation 
vAiich  would  be  suppressed  above  the  face  shear  mode 
resonance  frequency 

r 

U  =[TT /l)  (7) 

In  this  and  similare  cases,  vdien  damping  would  be  lew, 
wall  sliifts  are  accompanied  by  a  transfer  of  huge  mass 
of  the  vhole  sample  and  this  would  be  the  source  of  m 
in  eq.  (6).  By  contrast,  forbidding  the  .macroscopic 
deformation  (e.g.  clamped  grains,  cf.  section  2)  pro¬ 
vides  a  source  of  k  /24/. 

It  seems  that  the  emergence  of  fast  broad  band 
impedance  analyzers  (such  as  HP  4192A  and  4191A)  that 
make  it  possible  to  follcw  dielectric  relaxation 
properties  as  the  system  undergoes  spontaneous  or 
induced  changes  has  recently  Ixosted  targeted  investi¬ 
gations  of  A£  .  Here  we  briefly  survey  results  for 
two  very  different  kinds  of  f erroelectrics :  ferro- 
elastic  KH_PO.  and  nonferroelastic  Rb_ZnCl. . 

In  KDP  and  isemorphous  crystals  the  '^il"  of  A£ 
extends  seme  40  K  below  T^  725/  \diere  around  the  tem¬ 
perature  Tp  it  disappears.  Tp  is  often  called  demain 

freezing  temperature.  Fig.  7  s)tcws  this  effect, 
together  with  the  influence  of  biasing  field  and 
frequency  7267.  Recently  dispersion  studies  723,26/ 
were  performed  on  pure  KDP  as  well  as  on  crystals  with 
excess  KCSI  ions  and  some  isemorphs.  Accenpanying  AS  is 
a  dcmain-induced  increase  in  elastic  compliance  726/ 
(fig.  8)  vdiich  also  freezes  out  at  Tp  and  is  analogical 
to  plasticity  of  metals  connected  with  twinning  mecha¬ 
nism;.  When  is  reached  a  great  part  of  Afdiappears. 

Thus  most  of  A£  at  low  frequencies  is  connected  with 
wall  sjiifts  mimuc)dng  the  face  shear  mode  (fig.  6b). 
On  further  increasing  frequency  the  remaining  AS.  shews 
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Fig.  7  AS  and  its  freezing  out  in  KDP. 
After  726/ 
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a  relcixational  decrease  vd.th  a  distribution  of  relaxa¬ 
tion  times  centered  around  T"  =1/^  .  The  latter  was 

m  m 

found  to  satisfy  the  Vogel-Fulcher  law 

exp/t(T-T^)/  (9) 

where  T  is  very  close  to  T  .  Thus  the  donain  freezing 

effect  ?s  in  fact  a  phencm&on  of  anotalous  increase 

of  the  relaxation  time:  at  T„  the  iteasuring  frequency 

r 

exceeds  u>  and  thus  falls.  Since  CJ  can  be  con- 
m  r 

trolled  by  saitple  dimensions  and  by  temperature, 
we  may  have  both  cases  analysis  of  the 

results  led  to  the  following  model  /23,26/.  The 
applied  electric  field  causes  dipole  reversal 
(connected  with  protonic  motion)  in  two-dimensional 
clusters  along  and  within  dcnain  walls.  If  the  crys¬ 
tal  is  free  to  deform  (W<o^),  cluster  formation  is 

unsyirmetrical  and  causes  the  wall  to  shift.  This 
results  in  shear  deformation  (fig.  6b).  When  «<->  sur¬ 
passes  the  shear  is  forbidden  (damped  con¬ 

ditions).  Hoin^ver,  dipole  reversal  along  the  wall 
continues  till  its  own  relaxation  frequency  is 

reached.  The  latter  is  determined  by  the  configura¬ 
tional  entropy  of  the  dipolar  reorientation  vdiich 
decreases  with  decreasing  T  since  spontaneous  polari¬ 
zation  in  the  dorains  adjacent  to  the  wall  approaches 
its  saturated  value.  At  the  Vogel-Pulcher  taiperature 
T  the  configurational  er.tropy  reaches  its  limiting 
vSlue  and  the  dipole  reversa]  stops. 

It  thus  appears  that  KDP  offers  an  interesting 
combination  of  two  mechanisms  mentioned  above: 

respcffise  of  the  lattice  inside  the  wall  itself  (here 
represented  by  dipolar  reorientation  in  2D  clusters 
along  the  wall)  and  shifts  of  wall  as  a  whole  under 
mechanically  stress-free  condition.  Fran  a  microsco¬ 
pic  point  of  view  the  dipolcu:  reorientation  in  tlie  KDP 
domain  wall  has  been  treated  in  ref.  /27/. 

Recently  much  attention  has  been  received  by  crys¬ 
tals  in  vdiich  between  the  ferroelectric  (C)  cuid  nor¬ 
mal  (N)  paraelectric  phase  there  exists  another  so- 
called  modulated  or  incoimensurate  (IC)  jhase.  In  it 
the  crystal  lattice  is  distorted  with  respect  to  N 
by  a  frozen-in  wave  of  atonic  displacements  whose 
wavelength  is  not  oatmensurate  with  the  lattice 

spacing.  In  vAiat  follows  we  shall  have  in  mind  crys¬ 
tals  of  tlie  A2BX^  family,  represented  by  catpounds 

li)ce  Rb2ZnCl^  (abbr.RZC)  or  K2SeO^.  In  their  "lock-in" 

phase  C  these  are  improper  uniaxial  ferroelectrics, 
with  6  domain  states  differing  in  the  value  of  phase 
of  the  order  parameter.  Above  the  C-IC  transition 


tenperature  T^  the  modulation  takes  the  shape  of  per¬ 
fectly  regular  quasi-domain  structure  728/  with  alter¬ 
nating  local  pckarization.  Domain  walls  are  perpendi¬ 
cular  to  the  modulation  axis  x.  In  the  free  energy 
functicai  the  so-called  Lifshitz  term  is  essential, 
linear  in  the  spatial  derivative: 

A  r^(d^/dx)  (9) 

where  r  is  the  order  parameter  modulus.  Since  the  sign 
of  j\  is  given,  also  the  sequence  of  dcnain  states 

_ 6, 1,2, 3, 4, 5, 6,1, _ vdien  one  goes  along  x,  is  fixed 

728/.  Permittivity  grows  vrtien  T.  is  approached  from 
above.  The  accepted  model  is  that  the  wall  response 
is  described  by  eq.  (6).  The  relaxation  is  nearly  Debye 

p 

type  7297  ( thus  npO ) ,  with  f  in  the  region  of  1 0 
9  ° 

to  10  Hz.  The  origin  of  the  restoring  force  is  the 
repulsive  interaction  of  walls.  Bq.  (6)  leads  to  7307 

A£  (O=0)=(2B'pV7b)(l7x  )e:g)(x  7w)  (10) 

s  o  o 

.  (11) 

Here  x  is  the  distance  between  walls,  w  and  b  are 
constants . 


'u 


T(K) 

Fig.  6  Permittivity  of  Rb-ZnCl.  measured  along 
its  polar  axis  in  tlie  ferroelectric 
phase.  After  730,317 

As  in  ciny  ferroelectric,  the  ground  state  is  single 
domain  and  thus  at  T,  permittivity  £  is  expected  to 

drop,  on  cooling,  to  its  small  background  value  (cf. 
fig. 9,  dotted  curve).  Instead  a  tail  of  is  observed 
(full  curve,  for  standard  quality  RZC  ca:ystal)  vtoch 
received  considerable  attention  of  theoreticians.  It 
has  been  connected  with  the  response  of  rennant  domain 
walls  pinned  to  defects  719,207.  Recent  data  7307 
shewed  that  in  specially  purified  crystals  this  effect 
is  by  far  more  pronounced  in  value  of  A£  imd  in  tenpe- 
rature  width,  as  shewn  in  fig.  9.  The  most  striJujig 
features  of  this  behaviour  eure:  i)  tenperature  T^  of 

permittivity  maximum  does  not  coincide  with  the  phase 
tTcinsition  which  proceeds  svereal  K  above,  as  shewn  by 
optical  and  dispersion  data,  ii)  A£  is  roughly  the 
same  for  cooling  and  heating  run.  iii)  between  Tj^  and 

about  175  K  we  have  relcixaticxi  spectra  with  average 
chcuracteristic  frequency  shown  in  fig.  10  v^iile  at  Icxn^ 
tenperature  a  "diffusive"  dispersion  mechanisn  domi¬ 
nates  shown  in  fig.  11. 

The  discussion  of  some  of  these  data  730,317  may 
be  based  on  eq.  (6)  assuming  nK).  This  gives  Debye 
equations  correspaiding  to  relcucatioi  spectra  cdsserved 
in  the  upper  tenperature  interval.  The  origin  of  the 
restoring  force  may  be  twofold:  repwlsive  wall  inter¬ 
action  potential  U(n)  depending  on  domain  wall  density 
n  and  trapping  of  walls  by  local  defects.  Both  mecha¬ 
nisms  Coin  combine,  giving  7207 
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Fig.  10  Relaxation  frequency  of  £  in  the  upper 
part  of  the  C  phase.  Purified  RZC  /30/ 


Fig.  11  Diffusive  dispersion  in  the  lower  part 
of  the  C  phase  (T=150  K).  Purified  R%C 

k  =  U"(n)  +  gN^'^V4  (12) 

vtere  g  stands  for  the  effective  elastic  ncxiulus 
hindering  wall  curvature  (model  of  fig.  5c)  and  N  is 
defect  concentration.  Close  belcw  where  wall  distan- 

ce  is  sitBll,  the  term  U"(n)  dominates.  It  can  be 
speculated  that  below  the  role  of  pinning  to  defects 

grows  (second  term  in  eq.  12).  For  static  permittivity 
the  eq.  (6)  with  nr=0  leads  to 

AS  =  16;rPg  nA.  (13) 

Since  changes  but  little,  the  origin  of  the  ^£(T) 
curve  below  must  be  sought  in  k(T)  or  n(T).  On 

cooling  A £.  decreases,  which  would  rewuire,  by  eq.  (13), 
an  increase  in  k.  Hc«irever,  fig.  10  and  eq.  (11)  indicate 
that  k  decreases.  This  leaves  the  wall  density  n(T)  as 
the  respcxisible  factor  for  the  A£(T)  behaviour.  We 
might  accept  that  domain  wall  density  decreases  on 
cooling  but  since  A£(T)  is  rouglily  reversible  this 
would  call  for  reappearance  of  walls  on  heating,  an 
unlikely  process  since  no  physical  reasons  seem  to 
exist  for  it  and  also  since  special  nucleation  of 
groups  of  six  walls  (stripples,  see  sec.  4)  would  be 
required  /6,28,30/. 

Thus  the  model  of  oscillating  walls  leads  to  yet 
unsolved  difficulties  and  it  could  only  be  substanti¬ 
ated  by  direct  data  on  temperature  dependence  of  wall 
density  n(T),  at  present  not  available. 

Alternatively,  the  model  of  lattice  response  within 
the  wall  (fig.  5a)  could  explain  4£(T)  without  calling 


for  unexpected  function  n(T).  Theoretical  background 
for  such  a  wall  response  in  this  kind  of  mterials  is, 
however,  missing.  In  fact  the  oscillating  walls  model 
is  generally  believed  to  be  suitable  for  describing 
dielectric  properties  in  the  IC  phase. 

It  is  interesting  to  note  that  two  types  of  dis¬ 
persion  behaviour  (Debye  or  diffusive)  of  AC-  is  not 
uncorarcai  in  ferroelectrics.  Despite  some  general  theo¬ 
retical  atteirpts  (e.g.  /32/),  a  model  for  the  diffusive 
mechanism  is  missing. 

4.  Ferroelectric  lock-in  phases  in  high  fields 

In  a  good  sanple  of  classical  uniaxial  feiro- 
electric  (TGS,  BaTiOj  free  of  90°  walls),  hysteresis 

loops  are  well  rectangular.  Polarization  reversal 
process  proceeds  by  the  following  mechanisms:  fomation 
of  nuclei  of  the  oppcaite  dcnain,  their  forvrard  and 
lateral  growth,  coalescence  of  dcitains.  Switching  times 
in  constant  fields  are  determined  by  nucleation  proba¬ 
bility  and  domain  wall  mobility.  In  the  latter,  mutual 
interaction  of  walls  has  not  been  considered  an  inpor- 
tant  factor. 

Data_  on  switclting  in  ferroelectric  lock-in  phases 
of  A^BX^s  are  not  numerous.  Most  measurements  of  ac 

hysteresis  loops  point  to  a  rather  special  form:  the 
loop  is  swan-neck  shaped  with  small  reranent  polari¬ 
zation  coipared  to  the  saturated  value  and  with  small 
coercive  field  ccrpared  to  the  field  at  vhich  P  satu¬ 
rates.  Fig.  12  shews  an  example,  taken  for  standard  RZC 
crystal  2.3  K  below  T^  /33/.  For  highly  purified 

crystals  we  have  observed  even  lower  coercivity,  in  an 

interval  of  several  K  on  both  sides  of  T  . 

m 

An  alternative  way  to  represent  high  field  di¬ 
electric  nonlinearity  is  to  measure  permittivity  £  as 
a  function  of  biasing  field.  For  standard  quality  RZC 
£  was  shewn  to  be  independent  of  E  up  to  the 
threshold  field  =  30  V/cm  \^le  for  E>E^  £  changes 

linearly  with  1/E  /34/.  Such  a  dependence  can  be 
explained  by  the  model  of  oscillating  walls  v^ch  led 
to  eq.  (10).  Biasing  field  brings  pairs  of  walls 
together  (cf.  left  part  of  fig.  14)  so  that  the 
distance  x^  vhich  dominates  in  tte  interactive  repul¬ 
sion  decreases.  This  results  in  decreasing  in  propor¬ 
tion  to  1/E. 


Fig.  12  Hysteresis  loop  and  £(E)  of  standard 
quality  RZC  in  the  C  phase  /33/ 
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It  was  found  that  for  hi^ily  purified  sanple  of 
Rec  the  dependence  e(E)  is  practically  without  hyste 
resis.  Fig.  13  shows  an  exanple  of  such  measurement 
/31/  taken  at  about  4  K  below  T. ;  curves  for  rising 
and  decreasing  E  are  practically  ioentical,  in  contrast 
to  cottmon  behaviour  of  uniaxial  ferroelectrics. 


Fig.  13  Permittivity  vs.  bias  in  the  C  phase 
of  purified  RZC  /31/ 

It  thus  appears  that  nonlinear  dielectric  proper¬ 
ties  of  lock-in  ferroelectric  piiases  of  A2BX^  crystals 

differ  from  those  observed  for  usual  ferroelectrics.  It 
can  be  suggested  that  mechanisms  responsible  for  the 
former  are  as  follows.  In  a  defect-free  crystal,  dcnain 
walls  can  freely  move  under  applied  field,  feeling  only 
the  interaction  potential  of  neighbouring  walls.  There 
is  therefore  no  threshold  and  no  hysteresis.  As  domains 
with  unfavourable  orientation  narrow  (fig.  14,  left) 
walls  coming  close  create  pairs  and  repulse  each  other. 
This  interaction  is  responsible  for  signs  of  saturation 
in  form  of  swan-neck-shaped  P(E)  dependence.  It  is  now 
essential  that  the  pair  of  walls  in  this  case  cannot 
coalesce.  This  vrould  create  instead  an  antiphase 
boundary  which  may  be  energetically  unfavourable.  The 
only  process  which  would  make  the  sample  single  dcmain 
is  the  formation  of  complicated  nuclei,  so-called 
stripples  /29,31/  consisting  of  six  walls  and  termina¬ 
ting  in  a  line  defect  (see  right  part  uf  fig.  14). 
Their  formation  seems  however,  inprobable  since  in 
the  C  phase  the  average  distance  of  walls  is  large. 

But  not  even  formation  of  a  classical  nucleus, 
such  as  that  of  dcmain  state  1  embedded  in  the  region 
of  dcmain  state  6  is  very  probcible.  Such  a  nucleus 
would  be  partly  dressed  into  the  dcnain  wall  1-6,  in 
contrast  to  the  natural  sequence  6-1  (cf.  sec.  3).  On 
the  basis  of  the  free  energy  function  including  the 
term  given  by  eq.  (9)  we  obtain  for  the  difference  in 
wall  energy  densities,  in  some  approximation, 

cr(1-6)  -  <r(6-1)  =il7rr^>0,  (14) 

Thus  the  1-6  wall  is  unfavourable  in  the  vhole  range  of 
the  phase  C  and  the  formation  of  simple  nuclei  may  be 
therefore  suppressed. 


Fig.  14  Schejiatical  representation  of 
the  lock-in  phase,  see  text 


We  thus  may  have  a  material  which  exhibits  novel 
features  t£it  uninteresting  frcm  the  point  of  view  of 
practice;  very  strong  dielectric  nonlinearity  in  a  not 
too  narrow  tenperature  interval,  with  small  hysteresis 
vAuch  can  be,  by  controlled  piurity,  reduced  to  vani¬ 
shing  values.  The  same  kind  of  effects  can  be  exp)ec- 
ted  in  other  members  of  the  A2®^4  different 
tenperature  regions. 

5.  Ccxicludinq  remarks 

Some  of  the  problems  discussed  above  delineate 
interesting  tqpics  for  further  research.  In  connection 
with  sec.  3  we  my  mention  donain  structures  in  lock-in 
ferroelastic  phases,  in  particular  studies  of  wall 
densities  developing  through  Tj^  and  belcw  in  the  C 
phase,  possible  direct  obsen.'ation  of  stripple  mecha¬ 
nisms,  studies  of  domain  wall  conditioned  elastic 
coipliances.  Highly  pxirified  ('IWA)2CuCl^  might  be  a 

good  candidate  for  a  model  material.  Much  ;  ore  detailed 
studies  along  the  lines  indicated  in  Si_  j.  4  are  nee  led 
to  threw  sufficient  light  on  th-^  high  field  processes 
in  lock-in  ferroelectric  phases,  possibility  of  nucle- 
ation,  frequency  dependence  of  nonli..e.j:ities  due  to 
walls  gliding  freely  but  for  their  interaction. 

However,  we  left  untouched  nary  ■—  -iting  problems 
that  wait  for  concentrated  experimental  eind  tleoreti- 
effort.  Their  list  centains  dcnain  formation  in  non- 
ferroelastics,  particularly  the  existence  of  dyna¬ 
mical  clusters  above  T  ,  their  possible  connection  with 
the  birth  of  well  defined  dona  ins  below  T  bat  also  thu 
existence  and  role  of  microdenains  in  the  ordered 
phase.  It  is  felt  that  the  area  of  photoinduced  dcnain 
effects,  addressed  in  connection  with  optical  ''•-oper- 
ties  of  PLZT  and  with  hologram  fixing  years  ago,  was 
left  in  cin  unsatisfactory  state  of  affairs  ar.a  is  worth 
of  further  investigations.  Perhaps  the  fxjttest  topic 
are  dcnain  structures  and  their  properties  in  2D  and  ID 
systems,  i.e.  in  tliin  films  and  in  filDers.  In  all  men¬ 
tioned  cases  we  believe  that  the  essential  condition  of 
success  is  the  choice  of  a  mcdel  material,  meeting 
basic  physical  requirements  such  as  suitable  crystal 
symmetry,  location  of  transiticri  point,  bandgap  width 
etc.,  but  at  the  same  time  capable  of  technological 
processing  aimed  at  obtaining  well  defined  samples  with 
known  and  ccaitrolled  quality. 
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1  he  t  ^^a  mtxeil  svstems  KTaj 

K,  I  i  Udij  (KM)  hath  iinderga  unusual  ft*!' roe  I  er  t  r  i  c 
I  -  V  V  i 

transitions  induced  hv  the  prc'sc'iui'  ^>1  off-center 
impnritv  ians  farming  dipoles,  Ffu'se  transitions  arc* 
preceded  bv  the  appearanc.e,  manv  degrees  above  T  ,  of 

1 

prcc  iirsor  pulnr  m  i  c  rur  ft;  i  ons  and  txliihit  atv^'ical 
features  such  as  early  deviations  from  a  Cur ic-Wei ss 
law,  a  1  usp'  shape  of  t.fie  dielectric  constant  peak  at 
,  the  observation  of  a  corresponding  dielectric  loss 

peak  1,..  'he  low  lemperaturo  side  of  the  dielectric 
constant  peak  as  well  as  a  small  dispersion  near  the 
transition  and.  linallv,  d i I t erenc cs  between  the  di¬ 
electric  peaks  measured  in  the  field  cooled  (FC)  or 

■) 

/ero-field  cooled  (/f’(  )  conditions.'  Because  several 

of  these  f  eatures  are  typical  of  spin  glass  -  forming 
systems.  aiul  tiec.iase  spin  glass  Ifansitions  are 
charac  ter : /ed  hv  the  divergc'nce  ot  the  non-linear 

suscept  i  1)  i  I  i  l  i  es  ,  we  have  measured  the  dielectric 
constant  of  KTN  as  a  function  of  fioUf. 


Fxper  Lmonts 

Measurements  of  the  dielectric  constants  were 
pc'rformed  w.th  a  general  radic)  capacitance  bridge 
ploclel  lhl3)  at  I  kHz  and  for  diffeient  DC  bias  fields. 
For  each  value  of  the  bias  f iel d,  measurements  were 
made  as  a  function  of  decreasing  temperature  (FC 
condition).  At  each  point,  the  temperature  was  stabi¬ 
lized  for  approximately  1 bmn  before  the  measurement 
was  actually  rec<)rded. 

The  results  for  two  KTN  crystals  with  x=1.2%  and 
Ib.TS  are  shown  in  Fig.  la  and  lb.  Both  sets  arc  very 
similar,  showing  a  strong  decrease  in  the  peak  height 
with  increasing  DC  field.  However,  it  is  important  to 
note  that  the  magnitude’  of  this  DC  field  is  very 
different  for  the  two  crystals,  between  0  and  25iJV/cm 
for  the  1.2%  crystal  and  between  f)  and  2.bkV/cm  tor 
the  lb. 7%  crystal  or  a  factor  of  10  between  the  two 
crystals.  Thus,  in  the  lower  concentration  crystal,  a 
much  .smaller  DC  field  is  required  in  order  to  depress 
the  strong  susceptibility.  In  the  above,  we  assume 
that  the  single  dielectric  peak  observed  in  the  1.2% 
crystal  corresponds  to  the  high  peak  in  the  15.7%  ^ 

crystal.  This  is  contrary  to  a  previous  assignment 
which  was  based  on  a  combination  of  dielectric  and 
Kaman  measurements  unfortunately  made  on  two  different 
riystals  with  similar  but  not  equal  concentrations  of 
niobium.  The  present  assignment  is  based  on  new  Raman 


i.iCasurements  d  i  r  ec' t  !  v  made  ■  ii  i  lie-  d  i  e  1  e,  ti  n  i  rvstai. 


Figure  la)  Dielectric  constant  vs.  temperature  under 
various  dc  bias  for  the  1.2%  Nb  sample  o  0  kV/cm: 

0.05  kV/cm;  0.10  kV/cm;  0.25  kV/cm:  and 
lb)  for  the  15.7%  Nb  sample,  o  0  kV/cm;  0.25  kV/cm; 
0.5  kV/cm;  1  kV/c;m:  *  2  kV/cm. 


The  above  results  for  the  15.7%  crystal  are 
presented  in  a  different  form  in  Fig.  2  where  we  have 
plotted  the  field  dependence  of  the  dielectric  constant 


ClIlllXl)  (f-7K()3  OlhS  ')/if2$l.(X)  c'THKf: 
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at  several  temperatures  close  to  T^.  The  range  of 

temperatures  corresponds  to  that  in  which  we  have  noted 
earlier  a  deviation  from  a  Curie-Weiss  law  and  other 
anomalous  features.  The  curves  in  Fig.  2  clearly 
reveal  the  non-linearities  of  the  dielectric  constant. 
They  can  be  fitted  to  an  expansion  of  the  form: 

(0)  (2)  (A) 

e  =  c  '+£  E  +  e  t 

( ■  ’ )  ( A ) 

in  wtiich  E  and  E  represent  the  first  two  non¬ 
linear  coefficients.  Only  even  terras  are  expected  in 
the  expansion  because  of  the  symraetry  of  the  dielectric 
tensor . 


Figure  2.  Dielectric  constant  of  KTN  (1!>.7%)  vs.  dc 
bias  at  various  temperatures.  The  solid  lines  are 
fitting  results. 


The  values  obtained  from  the  fit  for  the  two  coeffi¬ 
cients  are  plotted  on  a  log- log  scale  in  Fig.  3a  and 
ib  for  the  two  crystals  respectively  as  a  function  of 
(T-T  ).  For  both  crystals  we  note  the  existence  of 

(2) 

two  ranges.  At  higher  temperatures  E  increases  very 
rapidly  with  a  steep  slope  approximately  equal  to 
9  (tt).A)  in  both  cases.  Closer  to  T^  the  slope  becomes 

almost  null  for  the  1.2%  and  equal  to  about  2  for  the 
15.7%.  More  important  than  the  difference  in  the  low 
temperature  slope  are  the  very  different  temperature 
ranges  in  which  the  two  regimes  are  observed.  In  the 
1.2%  crystal,  the  steep  slope  extends  down  to  almost 

T  +  2K  while  in  the  15.7%  crystal  the  crossover  occurs 
c 

as  far  as  T  +  16K. 
c 


r-Tc  (K) 


Figure  3.  Log-log  plot  of  and  coefficients 

of  the  first  and  second  non-linear  terms  of  the  e(E) 
expansion  vs  ln(r-T  )  a)  for  x  =  1.2%  Nb,  T  =  13. 8K 
b)  for  X  =  15.7%  Nb^  T^  =  138. 6K 

Interpretation 

In  a  previous  publication^  we  reported  hystere¬ 
sis  loop  measurements  which  showed  that  the  departure 
from  a  Curie-Weiss  law  corresponded  to  the  appearance 
of  polar  microregions  (20  -  100  A).  This  also 
corresponds  here  to  the  present  observation  of  dielec¬ 
tric  non-linearities.  We  are  thus  led  to  the  conclu¬ 
sion  that  the  dielectric  non-linearities  are  due  to 
the  presence  of  the  polar  raicroregions . 

An  explanation  remains  to  be  given  for  the 
existence  of  two  ranges  with  a  steep  slope  in  the 
higher  temperature  range,  and  for  the  differences 
between  the  two  concentrations.  It  is  reasonable  to 
suppose  that,  at  first,  the  polar  microregions  are 
dynamical,  i.e.  they  either  persist  for  a  certain 
lifetime  or  they  are  permanently  present  but  can 
reorient  as  a  unit.  In  the  second  and  lower  tempera¬ 
ture  range,  the  interactions  between  dipoles  becoming 
increasingly  strong  and  more  distant  dipoles  beginning 
to  lock-in,  the  polar  regions  grow  in  size  and  become 
static  at  the  same  time.  This  interpretation  can  also 
account  for  the  concentration  dependence  observed. 

For  low  concentrations,  the  average  distance 
between  impurity  dipoles  will  be  large  or  the  number 
of  near  neighbor  dipoles  will  be  small,  and  the 
distribution  function  of  inter-dipole  distances  will 
be  relatively  narrow.  One  then  expects  that  the 
dynamical  regime  will  extend  close  to  the  transition. 
On  the  contrary,  for  high  concentrations,  the  average 
distance  between  impurity  dipoles  will  be  small  and 
the  distribution  functio.i  of  distances  relatively 
broad.  Then,  it  appears  that  the  cross-over  of  close 
dipole  pairs  from  the  dynamical  to  the  static  regime 
will  occur  farther  away  from  the  transition. 

With  regard  to  the  field  strength  required  to 
lower  the  dielectric  peak,  or  equivalently  the  value 

(21 

of  the  non-linear  coefficient  e  ,  it  is  clear  that 
if  the  average  distance  between  impurity  dipoles  is 
large,  the  average  interaction  energy  will  be  small. 
Consequently,  for  low  concentrations,  a  small  field 
will  be  sufficient  to  decouple  the  dipoles  from  one 
another  or  to  overcome  their  mutual  internal  random 

fields  and  align  them. 

One  of  us  has  recently  proposed  a  random  field 
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theory  in  oiiier  to  exp.jin  d  i  (jo  le- indue  ed  transitions 
in  highly  polarizable  crystals.  In  this  theory,  the 
order  parameter  is  chosen  to  be; 


L  =  <)i .  > 

1 

where  the  moment  ol  each  dipole  is  d.  =  dll,  and  the 

1  1 

two  braikets  and  the  upper  bar  represent  orientation¬ 
al  and  coni  igurat iona 1  averages  respectively.  Each 

dipole  d.  linds  itsell  in  the  lield  E  of  all  the 
1  int 

surrounding  dipoles.  Because  these  are  randomly  dis¬ 
tributed,  the  resulting  int<'rn;il  fields  .are  themselves 

random,  with  a  distribution  function  f(E  ,E)  which 

int 

clearly  also  depends  on  the  order  parameter  L.  The 
value  of  L  can  be  obtained  by  solving  the  following 
self-consistent  equation: 


<^>E.  ‘^^Mnt 
ml 


The  same  theory  can  be  applied  to  calculate  the 
dielectric  constant  and  its  non-linear  coefficient: 

£(E)  =  nd  L/E  where  n  is  the  dipole  concentration,  and 

d  the  effective  dipole  moment  in  the  highly  polariz¬ 
able  crystal.  Instead  of  the  moment  of  a  single 

dipole,  we  shall  use  the  average  moment  of  a  pair  of 
dipoles,  <?,.  >-  P  ,  now  a  function  of  the  applied 
^int  ' 

field  as  well  as  the  local  field.  Such  a  calculation 
is  in  progress  and  resembles  that  pertaining  to  long 
time  relaxation  effects  and  the  observation  of  hyster¬ 
esis  loops  above  T  ,  which  is  presented  la  this 
volume.  ^ 
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Aijjflravt 

The  high  frequency  dielectric  response  of  sol-gel 
derived  lead  zirconate  titanate  (PZ'D  thin  films  has 
been  investigated.  Conceptualizing  the  presence  of 
interface  layers  was  critical  in  explaining  the  dielectric 
measurements.  By  a  careful  control  of  the  processing 
parameters,  aided  by  rapid  thermal  annealing,  the  low 
frequency  dielectric  charactersistics  could  be  su.stained 
upto  a  GHz  range.  Bao  sSro  sTiO^  which  is 
paraelectric  at  room  temperature  appears  to  be  a 
potential  candidate  material  for  high  frequency 
applications. 

Ititroduclion 

In  these  modern  times,  many  and  varied  are  the 
applications  of  high  frequency  dielectrics;  in  high 
resolution/  digital  communication  devices 
encompassing  cellular  phone  and  satellite 
communications,  in  microelectronics  and  packaging 
for  high  speed  switching  mode  power  supply,  in 
frequency  sensors  for  microwave  detection,  to  plainly 
list  but  a  few.  Dielectrics  qualifying  for  such 
applications  must  pos.sess  high  dielectric  permittivity, 
low  dissipation  loss,  and  Utw  temperature  coefficient 
of  electrophysical  properties.  Ferroelectric  materials, 
which  constitute  a  unique  subcla.ss  of  dielectrics,  while 
very  promising  in  satisfying  these  general  attributes, 
suffer  from  a  drop  in  the  dielectric  constant  at  a 
characteristic  frequency,  ascribed  to  the  piezoelectric 
resonance  of  the  crystallites  as  well  as  the  inertia  of  the 
domain  boundaries;  other  plausible  explanations 
advanced  for  the  phenomenon  include  the  existence  of 
interface  layers  at  the  film-electrode  boundary, 
impurities  in  the  film,  and  grain  imperfections  as  al.so 
grain  boundaries.  At  still  higher  frequencies,  an 
additional  drop  in  the  relative  permittivity  may  occur, 
assigned  generally  to  dielectric  relaxation.  In 
paraelectric  materials,  no  piezoelectric  resonance  can 
occur  if  the  phase  is  centrosymmetric:  the  clamped  and 
free  dielectric  constant,  which  refer  to  the  dielectric 
constant  at  frequencies  above  and  below  piezoelectric 
resonance  respectively,  are  equal  to  one  another.  At  a 
given  high  frequency,  dielectric  relaxati«)n  can  still 
cause  a  fall  in  the  dielectric  permittivity  in  this  non¬ 
polar  pha.se. 


Shifting  the  focus  from  the  confines  of  the  bulk 
materials  to  the  dielectric  behavior  of  ferroelectric 
thin  films  at  low-amplitude  a.c.  field  of  high 
frequencies,  as  in  the  present  study,  the  dominant 
factors  that  influence  relaxation  appear  to  be  connected 
to  the  presence  of  interface  layers,  and  grain 
imperfections.  For,  first,  these  films  have  been 
characterized  by  very  small  grain  sizes,  in  the  0. 1-0.2 
pm  range  [1,21,  that  has  the  effect  of  displacing  the 
threshold  frequency  due  to  tlie  piezoelectric  clamping 
of  grains  or  domains  to  higher  levels;  and  .second, 
fabrication  of  the  films  through  the  sol-gel  process 
ensures  maximal  chemical  purity.  This  study  will, 
con.sequently,  argue  that  the  dielectric  dispersion  in  the 
1  MHz  to  several  GHz  range  stems  from  the  presence 
of  barrier  layers  and  grain  imperfections,  both  of 
which  can  be  squarely  linked  to  the  film  prtKessing. 


Results  and  Uiscussiun 

The  PZT  films  used  in  the  study  were  of  the 
morphotropic  pha.se  boundary  composition  (with  a 
Zr/Ti  mole  ratio  of  52/48).  fabricated  by  the  sol-gel 
spin-on  technique.  The  details  of  the  film  fabrication 
as  well  as  the  structural  and  electrophysical 
characterization  of  these  films  have  been  outlined  in 
Refs.  1  and  2;  the  dielectric  and  ferroelectric  property 
measurements  were  limited  to  the  radio  frequency 
range  in  these  earlier  studies.  For  dielectric 
measurements  in  this  study,  a  high  frequency 
impedance  analyser  (HP  4I9IA)  was  used.  All  the 
films  were  rapid  thermally  annealed  at  temperatures 
and  times  as  specified. 

Fig.  I  is  a  plot  of  the  dielectric  permittivity  as  a 
function  of  frequency  for  a  0  .^85  pm  thick  PZT  film, 
rapid  thermally  annealed  in  the  temperature  range  of 
6(M)-8()l)"C  for  60  seconds.  It  is  patent  from  the  figure 
that  with  increasing  annealing  temperature,  the 
relaxation  frequency  decreases  systematically;  of 
greater  import  is  the  precipitous  tumble  in  permittivity 
to  almost  a  cipher  at  this  frequency.  While  this  latter 
point  is  seemingly  baffling  at  first  glance,  the 
frequency  respon.se  of  the  tneasured  dielectric  constant 
and  the  corresponding  impedance  spectrum  from  the 
equivalent  circuit  model,  based  on  properties  of  the 
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film  core,  Ihe  electrode,  and  a  series  resistance  131, 
lends  a  modicum  of  understanding  tt)  the  anomalous 
dielectric  behavior.  Saver  et  al.  13]  postulated  the 
formation  of  an  interface  layer  at  the  top  electrode¬ 
film  boundary  and  the  film-substrate  boundary;  by 
varying  the  internal  barrier  layer  thickness  from  0.0 1 
pm  to  0.5  pm  (the  disturbed  layer  at  both  the 
interfaces  are  lumped)  on  a  film  of  I  pm  total 
thickness,  the  dielectric  constant  was  computed,  which 
has  been  reprtxiuced  here  as  F-igure  2.  Scrutiny  of  this 
figure,  and  its  juxtaposition  with  Fig.  I,  reveals  a 
striking  similarity,  tempting  the  speculation  of  the 
presence  of  inlef'^ice  layers  of  increasing  thickness 
with  increasing  verity  of  annealing  of  the  films.  As 
ob.served  by  authors  13|,  the  calculated  higher 
dielectric  constant  for  films  with  thicker  barrier  layers 
might  be  related  to  the  assumption  of  the  full 
thickness  of  the  film  in  the  computations,  when  in 


Fig.  I  High  frequency  dielectric  response  of  PZT  thin 
films,  annealed  600-8()0*’C  at  a  constant  dwell  time  of 
60  seconds.  Note  the  systematic  change  in  the 
relaxation  frequency  with  annealing  temperature. 


Fig.  2  Computed  dielectric  constant  of  a  I  pm  film 
with  varying  internal  barrier  thickness;  the  true  value 
of  e'=1000  (reproduced  from  Sayer  et  al.  131) 


Fig.  3  Resistivity  plotted  as  a  function  of  annealing 
temperature. 
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Fig.  4  Relaxation  frequencies  determined  for  films  of 
varying  thickness  shows  a  drop  for  thinner  films. 
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reality,  it  should  be  smaller  by  a  thickness  equal  to  that 
of  the  disturbed  layers.  In  our  earlier  study  1 1 ),  the 
high  frequency  dielectric  relaxation  was  alluded  to  the 
formation  of  low  resistivity  surface  layers  whose 
resistivity  changes  with  the  annealing  conditions;  from 
Fig.  3,  it  is  apparent  that  higher  annealing  temperature 
results  in  lower  resistivity  of  this  anomalous  layer. 
Maintaining  the  same  processing  parameters,  dielectric 
relaxation  frequencies  of  films  varying  in  thickness 
from  0.15  pm  to  0.75  pm  were  determined  (Fig.  4); 
thinner  films  are  privy  to  lower  relaxation 
frequencies,  indicating  heightened  sensitivity  to  the 
interface  layer  formation.  When  the  thermal  budget 
was  reduced  during  annealing  by  lowering  the  dwell 
time  from  60  seconds  to  10  seconds,  there  was  no 
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Fig.  5  Dielectric  perniiltivily  plotted  as  a  function  of 
frequency  for  various  annealing  temperatures  but  with 
a  reduced  dwell  time  of  HI  seconds. 


Frequency  (MHz) 


evidence  of  relaxation  in  films  annealed  at  .*>00  to 
600*^0  (Fig.  5);  interface  layer  growth  may  thus  be 
controlled  to  eliminate  low  frequency  dielectric 
dispersit)!!.  Fxtending  this  theme,  by  manipulating  the 
processing  parameters,  the  low  frequency  dielectric 
permittivity  and  loss  of  the  PZT  films  could  be 
sustained  upto  a  GHz,  as  shown  in  Fig.  ba.  A  solid 
solution  system  embracing  compositions  that  is 
paraelectric  at  room  temperature  is  the  (Ba,  Sri'l  iO^ 
(BST)  system,  specifically,  thin  films  in  the  BSI 
system,  of  ct)mposition  corresponding  it)  a  Ba/Sr  mole 
ratio  ol  .SO/.SO.  fabricated  by  the  sol-gel  chemical 
technique,  revealed  dispersion-free  dielectric 
characlersistics  (Fig.  (ib)  for  measurements  upto  a 
GHz. 


.Sumiiiart 


F.arlier  studies  of  both  bulk  ceramics  and  thin 
films  has  shown  that  the  utility  of  ferroelectrics  for 
high  frequency  applications  is  limited  on  account  of 
the  dielectric  dispersion  at  1  MHz  to  a  few  hundred 
MHz  depending  on  the  specific  material.  The  present 
endeavor  has  shown  that  by  a  deliberate  interplay  of 
the  processing  parameters,  dielectric  relaxation  in  the 
PZr  films  can  be  prevented  iipio  a  GHz.  Films  that 
are  ferroelectric  at  room  temperature  are  int>  insii  ally 
subjected  to  relaxation  due  to  the  piezoelectric 
clamping  of  grains  or  domains,  and  the  inertial 
response  of  domain  wall  movement.  It  would 
therefore  appear  prudent  to  examine  the  feasibility  of 
films  that  are  paraelectric  at  room  temperature  for 
high  frequency  applications;  Bao  ^Sro  5  TiO  t  falls  in 
this  category,  and  the  first  results  are  indeed 
promising. 


Frequency  (MHz) 


Fig.  6  The  frequency  characteristics  of  ferroelectric 
PZr  films  (a),  and  paraelectric  BS'F  films  (b);  note 
the  non-dispersive  behavior  upto  the  measured 
frequency  of  1  GHz  by  a  careful  control  of  the  growth 
of  the  interface  layer. 
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PTC  BEHAVIOR  IN  YTTRU  DOPED  BaTiOa  AS  RELATED  TO  GRAIN  BOUNDARY  STRUCTURE 

R.  D.  Roseman,  J.  Kim  and  R.  C.  Buchanan,  Dept,  of  Materials  Science  and 
Engineering,  University  of  Illinois  at  Urbana-Champaign,  Urbana,  IL  61801 
Abstract 


Lattice  structure  and  phase  distribution  along  the  grain 
boundaries  in  Y2O3  doped  BaTi03,  with  Zr^*  as  a 
counterdopant,  were  investigated  with  respect  to  their  impact 
on  PTC  behavior.  This  doping,  related  to  A  and  B-site 
occupancy,  creates  ionic  defect  states  which  segregate  during 
annealing  to  different  morphological  regions  along  the  grain 
boundaries,  identified  as  non-domain  and  domain  regions. 
TEM  high  resolution  imaging,  HOLZ  pattern  and  EDS 
analysis  of  these  regions  showed  differences  in  composition, 
lattice  parameters  and  lattice  plane  coherency  across  the  grain 
boundaries.  Optimum  doping  in  light  of  these  structural 
changes  resulted  in  lower  resistivity  and  enhanced  PTC 
effects,  the  stress  release  being  the  driving  force  for  sharp 
PTC  transitions. 

Introduction 

Ferroelectric  barium  titanate,  BaTi03,  is  typically  used 
as  the  base  material  for  non-linear  positive-temperature- 
coefficient  (PTC)  resistors.  BaTi03  exhibits  high  intrinsic 
resistivity,  >  IQii*  Qcm,  when  prepared  in  an  oxidizing 
atmosphere.  Through  controlled  A-site  doping  using  ions 
such  as  La3  +  ,Y3+,  Nd^  +  ,  or  B-site  doping  using  Nb^^  or 
Ta^'*',  semiconducting  properties  can  be  obtained  [1].  Within 
a  very  narrow  dopant  concentration  range  (0.1-0.3  m/o), 
electronic  compensation  and  n-type  conduction  result  from 
the  formation  of  donor  ions  [1,3-6].  This  is  accompanied 
by  local  distortion  of  the  Ti-O  octahedron  and  a  change  in  the 
local  polarization  field.  The  increased  conduction  in  these 
materials  is  due  to  overlap  of  these  polarization  fields, 
resulting  in  small  polaron  conduction  [2].  The  associated 
positive  temperature  coefficient  of  resistance  (PTCR) 
characteristics,  manifested  as  a  large  increase  in  resistance  (by 
several  orders  of  magnitude)  over  a  narrow  temperature  range 
near  the  phase  transition,  corresponds  to  a  disappearance  of 
the  spontaneous  polarization  and  a  change  in  the  lattice 
structure  [1,3-6]. 

In  the  grain  boundary  region  oxygen  is  adsorbed  during 
annealing,  reducing  the  TP+  concentration  within  thi..  rt^  or 
[3].  Vacancies  and  defects  can,  likewise,  diffuse  to  the  grain 
boundary  regions,  becoming  electron  or  acceptor  trap  sites 
[1,7-10].  Theories  on  the  PTC  effect  suggest  that  a  space 
charge  or  barrier  layer  is  produced  as  electrons  move  toward 
the  grain  boundary,  which  acts  to  repel  the  electron  flow.  At 
temperatures  below  the  critical  ferroelectric  phase  transition, 
low  resistivity  is  found  due  to  (-♦•)  spontaneous  polarization 
charges  neutralizing  (-)  grain  boundary  charges  in 
crystallographically  coherent  areas  along  the  grain  boundaries, 
creating  a  low  resistance  path  [3,4]. 

The  domain  structure  and  dimensions  in  doped  (PTC) 
BaTi03,  are  comparable  to  the  ferroelectric  domain  patterns 
typically  observed  by  TEM  in  undoped  BaTi03  [11].  Across  a 
grain  boundary,  90°domains  can  be  found,  but  this  domain 
pattern  is  not  common  because  a  favorable  crystal  orientation 
is  required  in  both  neighboring  grains  [11,12].  Within  the 
PTC  material,  electron  motion  is  encumbered  by  a  spectrum 


of  potential  barriers  at  the  grain  boundaries.  The  heights  of 
these  barriers  depend  on  the  charge  compensation  at  the 
junctions  of  matching  domains  and  on  the  corresponding 
dielectric  constants.  The  lowest  barriers  will  govern  the  low 
temperature  resistivity  [11]. 

The  lattice,  domain  and  microstructures  should, 
therefore,  all  play  a  prominent  role  in  PTC  materials. 
However,  the  structure  of  the  grain  boundary  region  and  its 
exact  contribution  to  the  development  of  the  PTC  effect  are 
not  fully  understood.  In  this  study,  lattice,  domain  structure 
and  resultant  strains  in  Y2O3  doped  PTC  BaTi03  were 
investigated,  and  related  to  these  microstructural  features  as 
well  as  to  bulk  PTC  behavior. 

Experimental 

The  materials  used  in  this  study  were  high  purity 
BaTi03*  with  a  Ba/Ti  atomic  ratio  of  0.997,  Yitria  Nitrate 
pentahydrate  and  Zirconyl  Nitrate  hydrate.’ *  The  BaTi03 
was  ball  milled  with  0.0-3.5m/o  of  the  nitrates  for  12  hrs.  using 
ZrO->  balls  in  a  60vol%  isooroovl  alcohol-40\'ol%  deionized 
water  solution.  An  addition  of  1  w/o  Menhaden  fish  oil  was 
u.sed  as  dispersant.  A  binder  mixture  of  PVA  and  Carbow'ax,  1 
w/o  each,  were  then  added  and  the  slurry  bail  milled  an 
additional  1.5  hrs.  Each  slurry  was  spray  dried  and  the 
powders  uniaxially  pressed  at  20  ksi  into  discs,  1.6  cm 
diameter  by  0.2  cm  thick.  All  samples  were  fired  on  Zr02 
setters  in  air  at  a  sintering  temperature  of  l,350°C/2  h.  A 
heating  rate  of  10°C/min  was  used  up  to  550°C/30  min  to 
facilitate  binder  and  nitrate  burnoff.  After  sintering  the 
samples  were  cooled  at  100°C/hr  to  1220°C  and  annealed  in 
air  for  6  hours.  A  cooling  rate  of  100°C/hr.  was  then  used  to 
800°C  followed  by  furnace  cooling  to  room  temperature. 

Structural  characterization  of  the  materials  was 
accomplished  using;  High  resolution  TEM  (Hitachi  9000  at 
300  keV)  (Phillips  CM-12,  420  at  120keV)  techniques  for 
determination  of  grain  boundary  and  domain  lattice 
structures.  Phase  distribution,  uniformity  and  elemental 
analysis  was  carried  out  using  EDS  (beam  size  100-250  A). 
An  SEM  (Hitachi  S-800  at  20  keV)  was  used  for  grain  size 
analysis.  Measurements  for  the  dielectric  and  resistivity 
response.-)  were  carried  out  within  the  temperature  range  of  25 
°-250°C  at  a  heating  rate  of  5°C/min.  Resistance 
measurements  were  made  using  a  constant  voltage  source  at 
0.01  volts,  in  series  with  the  sample  and  a  picoscale  ammeter. 
Computer  simulation  of  the  high  resolution  HOLZ  patterns 
using  an  EMS  program  was  carried  out  in  order  to  determine 
lattice  parameter  of  the  grain  bo  mdary  phases. 

*  Ticon-HPB,TAM  Ceramics,  Inc.,  Niagara  Falls,  NY 
**  Aldrich  Chemical  Company,  Inc.  Milwaukee,  WI 

Results  and  Discussion 

Samoles  made  by  doping  the  BaTi03  lattice  with  Y2O3 
(<0.25  m/o)  and  with  Y2O3  plus  Zr02  (2.0  m/o)  produced 
microstructures  with  similar  average  grain  size,  24  /rm,  as 
shown  in  Figure  1.  Comparison  of  the  permittivity  and 
resistivity  behaviors  versus  temperature  for  the  modified 
samples  are  shown  in  Figure  2.  As  seen,  the  yttria  plus 
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zirconia  doped  samples  showed  enhanced  conductivity  and 
PTC  behavior.  The  dielectric  perniiiiivity  of  this  sample, 
likewise,  correlated  to  the  resistivitv  behavior,  showing  a  more 
pronounced  and  sharper  phase  transition. 


Fig.  1  SEM  micrographs  comparing  grain  size  for  PTC, 
BaTiO^  doped  w  iih;  .\)  'I’T),  B)  YiOi  +  ZrOi. 

TEiVf  images  of  each  sample  show  ing  dointiin  structure  of 
grain  interior;  (  ')  >  O)  +  7.r02. 


Temperature  CC) 

Fig.  2  Permittivity  ami  resistivity  responses  to  temperature, 
comparing  ellects  1)1  ZrOi  on  ¥20^  doped  samples. 

rii.M  images  of  the  interior  domain  structure  of  these 
materials  are  also  shown  in  l  igurc  1.  As  seen,  both  the  yttria 
and  yttria  plus  zirconiti  samples  show  similar  wide  banded 


domains  within  the  grain  interiors.  Comparison  of  the  grain 
boundary  regions  of  the  two  Fl'C  materials  are  given  in  the 
TEM  images  of  Figure  3.  Regions  with  no  domain  structure, 
which  extended  up  to  1  into  the  grains,  were  found  to  be 
common  near  the  grain  boundaries  within  each  sample,  but 
were  randomly  distributed.  I'hese  typical  TEM  images  show 
that  only  relatively  small  regions  of  continuous  domain 
structure  form  across  the  grain  boundarie-s  in  the  yttria  doped 
.samples.  Comparison  of  domain  width  between  the  interior 
and  grain  boundary  region  of  this  sample  (Figures  ID  and  3A) 
shows  a  much  smaller  domain  width  in  the  grain  boundarys  In 
the  yttria  plus  zirconia  doi)ed  material  larger  areas  of  a  fine 
domain  structure  formed  across  the  grain  boundaries  as 
illustrated  in  the  I'EM  of  Figure  .''If.  in  marked  contrast  to 
the  wide  domain  patterns  in  the  grain  interior  (Figure  1C). 


Fig.  3  TEM  micrographs  comparing  domain  structures  near 
the  grain  boundary  for  BaTiO^  samples  doped  with  (A)  Y-.0^ 
(B)  Y2O3  +  7.r(  >2 


Through  the  use  of  CBED  and  llOLZ  pattern  analysis, 
lattice  parameter  data  as  well  as  volume  percent  .strain  were 
calculated  for  the  different  regions.  Results  are  given  in  Table 
1.  For  the  Y2O3  doped  samples,  a  non-domain  region  is 
ob.served  near  the  grain  boundaries.  This  phase  tended 
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iDwards  cubic,  with  expanded  lattice  parameters.  In  contrast, 
both  the  interior  and  domain  regions  along  the  grain  boundary 
featured  tetragonal,  reduced  a-axis  lattice  structures.  Tfie 
volume  expansion  mismatch  (d.O^lr)  between  the  regions 
create,  therefore,  an  overall  stressed  condition  along  the  grain 
boundaries.  The  EDS  data  also  shows  a  slight  deficiency  of 
yttrium  in  the  non-domain  areas. 

With  ZrOT  additions,  the  grain  boundary  and  interior 
domain  regions  both  featured  expanded  lattice  parameters 
with  a  similar  degree  of  tetragonality.  In  contrast,  the  non¬ 
domain  regions  along  the  grain  boundaries  were  highly 
pseudocubic,  resulting  in  significant  volume  strains  being 
developed  (d.0%).  The  result  is  a  finer  domain  structure  near 
the  grain  boundaries  in  the  ZrOi  doped  samples  although, 
within  the  dttmain  regittns  the  degree  of  tetragonality  was 
similar  to  that  of  pure  BaTiO^  (1.011).  As  shown  by  the  EDS 
data,  the  fine  domain  regions  also  exhibit  a  higher 
concentration  of  Y  and  lower  concentration  of  Zr  than  the 
interior  domain  regions.  In  contrast,  non-domain  areas  near 
the  grain  boundary  indicate  little  Y,  but  larger  concentrations 
of  Zr.  These  segregation  effects,  therefore,  are  consistent  with 
ionic  defect  regions. 

Table  1 

Lattice  Parameters  and  EDAX  Analysis 
Using  TEM,  CBED  and  HOLZ 


BaTi03 

c-axis 

a-axis 

c/a  G.B. 

EDAX 

+ 

Strain 

(mol  %) 

(A  ±.002) 

(%) 

(Y%)  (Zr%) 

0.24  m/o  Y2O3 

G.B. 

Domain 

4.028 

3.991 

1.009  4 

0.3 

Non- 

Domain 

4.026 

4.003 

1.005 

0.2 

Interior 

4.03.‘i 

3.993 

1.01 1 

0.3 

0.24  m/o  Y2O3  +  Zr02 

G.B. 

Domain 

Non- 

4.037 

3.994 

1.011  9 

0.8  0.4 

Domain 

4.019 

4.008 

1.002 

1.0 

Interior 

4.034 

3.997 

1.009 

0.3  1.3 

As  previously  discussed,  Y  substitution  onto  the  A-sites 

in  BaTi03 

at  low  concent-mtion  results  in  .some 

Ti**  reduction 

to  Ti3  +  .  The  presence  of  the  larger  Ti^-*  ions  should  cause  a 
lattice  distortion  to  a  more  tetragonal  structure,  a  condition 
confirmed  by  the  TEM  and  HOLZ  pattern  data,  where  a  high 
degree  of  tetragonality  is  observed  even  in  the  fine  domain, 
stressed  regions.  Conversely,  the  lower  tetragonality  in  the 
non-domain  regions  indicate  an  es.sential  absence  of  Ti3+  ions, 
which,  therefore,  would  be  non-conducting.  Preferential  A- 
site  Y^"^  ion  occupancy  in  these  samples  is  also  inferred  from 
the  low  resistivities  obtained,  as  seen  in  Figure  2.  Here,  Zr02 
additions  (<2.0  m/o)  to  the  Y2O3  doped  BaTi03  samples 
cause  al.so  a  significant  decrease  in  resistivity.  The  lower 
resistivity  can  be  attributed  to  greater  (Ti3  +  )electronic 
compensation  in  the  Zr-doped  PTC  samples.  In  terms  of  the 
TEM  data,  this  condition  corresponds  to  a  higher 
concentration  of  domains  crossing  the  grain  boundaries  and 
smaller  non-domain  regions  along  these  boundaries. 


The  fact  that  the  effects  with  added  Zr  are  obseixed  at 
even  low  concentrations  of  Y^D^.  indicate  that  the 
partitions  to  the  Ti'*’  site  at  all  concentrations  within 

the  P  TC  range.  'I  hese  results  can  be  modeled  by  the  following 
shortened  defect  equations. 

(x)  Y-^*  J£iO^(x-y)  Yoa  +  (x)  Ti  n  +  0 ) 

(.v)  Vfi  -r  (y/2) 

Equation  (1)  holds  for  low  dopant  concentrations,  and  under 
conditions  where:  (x  >  >  y)  for  Ti  rich  samples.  Here  the 
substitution  of  Y^*  on  Ba-'^  sites  result  in  small  polaron 
electronic  compensation  (Tiq-j),  which  yields  n-type 
conduction.  Concurrent  ionic  defects  formed  are  shown  as 
some  Y3+  partitions  to  Ti"*’  sites  with  oxygen  vacancy 
compensation.  The  above  TEM  data  indicate  these  ionic 
defects  segregate  to  non-domain  regions  along  the  grain 
boundaries.  With  Zr  added,  the  defect  equation  becomes: 
(x)Y5-  +  (2)  Zr^-  BaTiO,^  [x-v-i-z]  (Yn„)  -r  (2) 

zfZrji)  +  [y-z]  (Yji)  -t- 
[x-y  +  z]  (Tifj)  +  [y-z]/2(Vo) 

Equation  (2)  shows  that  the  role  of  Zr"*^  is  to  displace  Y-'* 
from  the  B  (Ti'*'^)  sites  onto  the  A  sites,  a  condition  which 
would  increase  conductivity.  Excess  Zr  also  occupies  Ti'** 
sites,  the  effect  being  an  expanded  lattice  parameter  in  the  Zr 
modified  material.  The  Ti*'*  ions  displaced  to  the  grain 
boundary  enhance  sintering  through  formation  of  a  liquid 
phase. 

Detailed  high  Resolution  TEM  imaging  of  the  grain 
boundary  regions  were  carried  out.  One  prominent  type 
features  no  domains  on  either  side  of  the  grain  boundary  and 
was  much  more  prevalent  in  the  Y^'*  doped  samples.  Figure  4 
shows  a  detail  of  this  type  region,  indicated  as  a  narrow, 
incoherent  region  along  the  grain  boundary  and  occurring  only 
over  a  few  lattice  cells,  as  seen  by  the  disiv^rtion  from  the 
regular  lattice  pattern.  In  this  region,  no  dislocations  are 
found  to  relieve  the  strain.  Instead,  there  is  observed  a 
regular  array  of  lattice  distortion,  seen  as  white  spots,  along 
the  grain  boundary.  Through  computer  simulation  techniques, 
these  lattice  distortions  were  calculated  to  be  O  vacancies.  As 
indicated,  these  areas  of  no  domain  region  have  also  a 
pseudocubic  structure  with  a  low  concentration  of  Y^'*  (and 
Ti3+)  ions,  and  are,  therefore,  non-conducting.  These 
incoherent  grain  boundaries,  which  are  permanent,  therefore, 
w’ouid  present  an  effective  barrier  to  electron  transport. 

The  second  type  structure  is  found  where  a  non¬ 
domain  region  is  adjacent  to  a  domain  region  across  the  grain 
boundary.  For  this  condition,  a  similar  incoherent  grain 
boundary  is  formed,  but  with  fewer  or  no  oxygen  vacancies 
along  the  boundary.  As  indicated,  the  domain  regions  exhibit 
greater  tetragonality  with  high  Ti-**  concentration,  relating  to 
regions  of  high  conductivi’".  As  conduction  electrons 
encounter  the  barrier  region,  therefore,  low  conductivity 
between  grains  might  expected  in  thin  regions  where 
polarization  effects  might  dominate. 

Figure  5  shows  the  third  type  grain  boundary  structure 
where  a  domain  region  is  continuous  across  two  grains.  In 
these  regions,  a  coherent  grain  boundary  is  formed,  indicated 
by  the  modulated,  lattice  structure,  in  which  there  is  little 
difference  between  the  domain  lattice  on  either  side  ot  the 
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grain  boundary.  In  these  regions,  low  resistance  paths 
develop,  easily  overcoming  any  grain-grain  boundary 
potential. 


Fig.  4  High  resolution  TF.M  image  of  highly  defective, 
incoherent  grtiin  houiKkiry  region  between  areas  of  non¬ 
domain  structure  across  grtiin  boundary. 


Fig.  5  High  resolution  TFM  image  showing  the  modulated, 
coherent  grain  boundtiry  region  between  domains  across  the 
grain  boundary. 


The  three  regions  described  develop  from  segregation 
of  the  dopants  and  oxygen  defects  non-uniformly  along  the 
grain  boundaries.  The  PTC  effect  in  BaTiO;(  is,  therefore, 
highly  dependent  upon  these  grain  boundary  structures  which 
also  affect  the  ferroelectric  phase  transition.  In  the  cubic 
phase,  BaTiOy  is  not  polar  and  small  polaron  conduction 
likewise  decreases.  Samples  with  a  high  lattice  strain,  i.e. 
large  tctragonality  differences  between  non-domain  and 
domain  regions,  have  been  shown  to  exhibit  a  sharp  and  large 
FFC  transition.  Tliis  can  be  attributed  to  a  fast  pha,se 
transformation  throughout  the  sample,  with  release  of  stress 
as  the  driving  force.  A  sharp  change  in  the  permittivity  and 
spontaneous  polarization  are  also  associated  with  the  fa.st 
ferroelectric  transition  near  T^.  Conversely,  lower  strained 


samples  ^how  diffuse  transformations  and  poor  PTC  response. 
These  factors  all  relate  to  the  grain  boundary  structure  and 
resultant  strains  which  develop  and  must,  therefore,  be 
considered  an  essential  part  of  the  PTC  response  mechanism. 
Conclusions 

•  Stresses  in  Y-doped  BaTiOj  PTC  ceramics  arise  from  the 
coexistence  of  non-domain  and  domain  phase  regions,  of 
differing  volumetric  expansions,  along  the  gram  boundaries. 

•  With  Y-doped  samples  the  strain  differential  was  ~4% 
compared  to  9%  for  the  Y-t-Zr-doped  samples.  This  resulted 
in  higher  tetragonality  and  finer  domains  in  the  grain 
boundaries,  and  also  a  sharper  ferroelectric  phase  transition, 
driven  by  release  of  the  stress. 

•  The  non-domain  regions  have  been  correlated  to  ionic 
defects  (Y-fi  and  Vq)  which  segregate  to  regions  in  the  grain 
boundary  during  annealing. 

•  The  FFC  effect  in  BaTi03  has  been  shown  to  be  highly 
dependent  upon  the  existence  of  these  structural  regions  along 
the  grain  boundaries  and  the  stress  condition  which  they 
generate. 

Acknowledgements 

This  work  was  supported  by  ONR  DARPA  contract  N0(X)14- 
88-K-0317  and  in  part  by  NSF  under  contract  number  NSF- 
DMR89-20.‘>.38.  Microanalysis  was  carried  out  in  the  Center 
for  Microanalysis  of  Materials  at  the  University  of  Illinois, 
which  is  supported  by  the  U.S.  Department  of  Energy  under 
contract  number  DE-AC-()2-76ER-01 198. 


References 

1.  B.  Kulwicki  'PTC  MatcrijI.s  Tcchnolugy,  195.S-l‘)SO,"  Ciraill  gOUlUlaa 

tUt*L~iromc  (.'crainics.  Edited  by  L.  Lewinson,  Advances  in 
C'craniic.s,  Vol.  1.  pp.  (1981). 

2.  I.  Bungcl  and  M.  Popcscu.  "Physics  of  Solid  Dielectrics,"  in  MiilgttalS 

_ art  .j  1  Plc^virr  Am^lcrrlam. 


Translation,  V.  Vasilcscu  (1984). 

X  R.  W.  Newnham,  "Structure-Property  Relations  in  Electronic  Ceramics," 
Journal  of  Materials  Education,  Vol.  6,  No.  5,  pp.  806-839  (1984). 

4.  G.  H.  Jonker,  "Some  Aspects  of  Semiconducting  Barium  Titanate,"  Silljd 


lie  l-lectronics.  Vol.  7.  pp.  89.S-'X)3  ( l‘X>4). 
w  Hci-Mano  "Resistivitv  Anomalv  in  Doped  Barium  Titanate,  Solid- 


State  Electron,  3,  51  (1%I) 

6.  O.  H.  Jonker,  "Equilibrium  Barriers  in  PTC  Thermistors,"  Grain 
[l.i-ii.l.irv  Phrnonieii.a  i»  I  ICCLronic  CcninUCS,  Edited  by  L.  Levinson, 
Advances  in  Ceramic.s,  Vol.  I,  pp.  155-166  (1981). 

7.  J,  Daniels  and  R.  W'crnicke.  "Part  V,  New  Aspects  of  an  Improved  PTC 


Model,"  Philips  Research  Report,  31,  544-559  (1976). 

8.  R.  Wernicke.  "Part  iV'.  The  Kinetics  of  Equilibrium  Restoration  in 
Barium  Titanate  Ceramics,"  Philips  Research  Report,  31,  526-543  (1976). 

9.  Y.  Chiane  and  T.  Takagi,  Tirain-Boundary  Chemistry  of  Barium 
Titanate  and  Strontium  Titanate:  1,  High  Temperature  Equilibrium  Space 


Charge,"  J.  Am.  Ceram.  Soc.,  73  Ill)  3278-85  (1990). 

10.  B.  M.  Kulwicki,  A.  J.  Purdes,  "Diffusion  Potentials  in  BaTi03  and  the 
Theory  of  PTC  Materials,"  Ferroclectrics,  1,  253-63  (1970);  2,  176  (1971). 

11.  H.  B.  Haanstra  and  H.  Ihrig,  Transmission  Electron  Microscopy  at 
Grain  Boundaries  of  PTC-Typc  BaTi03  Ceramics,"  J.  Am.  Ceram.  Soc., 


Vol.63.  No.  5-6, 188-291,  (1980). 

12.  T.  Mails  and  H.  Glcitcr.  "Investigation  of  the  Structure  of  Ferroelectric 
Domain  Boundaries  by  Transmission  Electron  Microscopy,"  J.  Appl.  Phys., 


Vol.47,  No.12,  5195-5200,  Dec.  (1976). 


188 


NONDESTRUCTIVE  EVALUATION  OF  MULTILAYER  CAPACITORS 
USING  ELECTROMECHANICAL  RESONANCE  PHENOMENA 
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Under  the  mechanically  free  and  clamped  boundary 
conditions,  electromechanical  resonances  of  ceramic  multilayer 
capacitors  are  calculated  using  vibration  and  piezoelectric  equa¬ 
tions.  BaTiOj-  and  Pb(Mg,/jNb2/3)Oj-based  multilayer 
capacitors  have  been  used  to  examine  the  theoretical  calculation. 
Frequency  spectra  of  impedance  and  phase  angle,  capacitance 
and  loss  tangent  of  the  capacitors  under  dc  bias  fields  are 
carefully  measured.  A  sudden  change  around  the  resonant  fre¬ 
quency  is  observed  in  these  spectra.  A  damped  resonance  indi¬ 
cates  a  defective  capacitor  while  an  undamped  resonance  is  cor¬ 
responding  to  defect  free.  Experimental  results  suggest  that  it  is 
possible  to  use  the  spectra  as  a  real  time  nondestructive 
evaluation  method. 


Introduction 

Reliability  of  electronic  components  becomes  more 
and  more  important  for  complicated  electronic  equipments  and 
systems  '  ”  .  Ceramic  multilayer  capacitor  (MLC)  has  been 
extensively  used  in  the  field  of  electronics  for  its  advantages  of 
large  capacitance  and  small  volume.  MLC  is  a  composite  struc¬ 
ture  made  from  alternating  layers  of  metal  (electrode)  and  ce¬ 
ramic  (dielectric  material).  It  is  crucial  to  MLC  production  that 
metal  and  ceramic  materials  should  be  well  matched  in  sintering 
over  1000  C  .  In  order  to  guarantee  the  product  quality,  the 
capacitance  of  every  MLC  is  tested  before  selling.  However,  the 
passed  MLC  probably  still  has  some  defects  which  affect  the  re¬ 
liability  of  the  capacitor  while  hardly  change  the  capacitance.  A 
delamination  between  electrode  and  dielectric  material  is  one  of 
the  most  frequent  and  harmful  defects  in  MLC.  Currently,  the 
delamination  is  detected  using  destructive  physical  analysis 
(DPA)  .  DPA  only  represents  the  quality  of  a  batch  of  MLC, 
and  is  strongly  dependent  on  sampling,  sectioning  and  in¬ 
specting. 


Nondestructive  evaluation  (NDE)  of  macro— defects 
of  MLC  is  of  great  importance  for  quality  control  in  mass  pro¬ 
duction.  In  recent  years,  most  researchers  are  paying  main  atten¬ 
tion  to  NDE,  especially  to  rapid  testing  of  individual  capacitor. 
Various  methods  have  proposed  for  screening  defective  MLC, 
for  example,  electrically  excited  acoustic  emission  ,  scanning 
laser  acoustic  microscopy  ^  ”  ,  corona  current '  and 
electromechanical  resonance  spectra  .  Among  these  methods, 
the  resonance  spectra  are  very  attractive  because  of  their 
potentiality  of  application.  It  has  not  yet  been  achieved  to  identi¬ 
fy  the  exact  relationships  between  defects  and  resonance  spectra. 
Obviously,  it  is  necessary  to  extend  both  theoretical  and  experi¬ 
mental  research. 


Calculation 

MLC  from  ferroelectric  materials,  under  a  bias  field, 


exhibits  electromechanical  resonances  similar  to  the  ones  ob¬ 
served  in  piezoelectric  transducers.  Based  on  mechanical  vibra¬ 
tion  equation  and  piezoelectric  equations,  the  electromechanical 
resonances  around  resonant  frequency  could  be  calculated.  Be¬ 
cause  no  permanent  polarization  is  built  up  within  the  dielectric, 
only  induced  polarization  is  parallel  to  the  bias  field  and  the  sig¬ 
nal  field,  MLC  structure  is  favorable  to  expansion  vibration 
while  exerts  high  damping  to  shear  vibration.  Therefore,  expan¬ 
sion  waves  are  only  considered  in  the  following.  The  pronounced 
resonance  depends  on  the  dimension  of  MLC  construction.  The 
thickness  resonance  is  damped  by  the  electrode-dielectric  inter¬ 
faces.  The  length  resonance  is  also  damped  by  the  terminations 
at  either  end  of  the  capacitor.  Only  the  width  resonance  is  rela¬ 
tively  undamped.  Fig.l  is  a  schematic  drawing  of  MLC  in  a  giv¬ 
en  vertical  coordinate.  To  simplify  the  calculation,  it  is  assumed 
that  MLC  without  delamination  has  a  free  boundary  while 
MLC  with  delamination  has  a  clamped  boundary.  All  tensors 
are  labeled  according  to  Voigt  convention  . 


OieUc'.ri: 


E'.sctr^Jes 


Tsrmination 


Fig.  I  Schematic  drawing  of  a  multilayer  ceramic  capacitor. 


The  mechanical  vibration  equation  of  a  contineous 
elastic  medium  is 


P 


>T. 


(1) 


where  p  is  density  of  the  material,  {  is  displacement,  T  is  stress 
applied  on  the  material.  No  heat  exchange  occured  in  the  mate¬ 
rial  around  the  resonance  frequency.  The  piezoelectric  equations 
under  an  adiabatic  condition  are  used. 

(2) 

D,=d3,r,-^e„£3  (3) 

where  d  and  e  are  piezoelectric  modulus  and  dielectric  constant,  s 
and  S  are  elastic  compliance  coefficient  and  strain,  D  and  E  are 
electric  displacement  and  electric  field,  respectively. 


The  strain  is  the  partial  derivation  of  (  with  respect  to 

X ,  i.e. 
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(4) 


In  this  case,  the  vibration  equation  associated  with 
electromechanical  resonances  becomes 


^  dx] 


1  " 

Si  ax. 


(5) 


This  equation  determines  the  mechanical  and  electric  parameters 
in  the  resonant  region. 


In  the  resonant  region,  a  simple  harmonic  vibration 
satisfies  the  vibration  equation  (5), 

(6) 

where  /is  imaginary,  oi  (-2nf)  is  angular  frequency  and  t  is 
time.  The  amplitude  of  the  vibration  ij  is 

{  =  /<  coj(—  X  )  +  B  ;c  )  (7) 

V  '  V  ‘ 

where  A  and  B  are  constants  to  be  determined  from  a  boundary 
condition.  The  sound  velocity  is  as  follows. 


delaraination  condition  is  close  to  a  free  boundary  while 
delamination  condition  can  be  represented  as  a  clamped  bound¬ 
ary.  In  addition,  the  piezoelectric  modulus  is  unknown,  which  is 
dependent  on  the  induced  polarization  of  M  LC  under  a  dc  bias. 
It  is  difficult  to  calculate  the  exact  data  of  the  MLC  resonances. 
Based  on  w  w  /  (2  v)  =  n/  2  ,  however,  it  is  easy  to  determine 
the  resonant  frequency  jf  from  the  physical  data  of  MLC  listed 
in  Table  1.  For  BT—  and  PMN— based  MLC,  the  frequency  con¬ 
stants  X  w  (MHz.mm)  are  equals  to  2.5  and  1 .7  respectively. 


1  r  •) 


(a) 


f w  (Mll/miii) 


Two  extreme  cases  of  free  and  clamped  boundaries  are  used  to 
determine  A  and  B  .  The  boundary  condition  is  Tj  =  0  when 
.t,  =  0  or  w  (MLC  width)  for  a  free  boundary,  and  5;  =  0 
when  x,-0  or  w  for  a  clamped  boundary.  After  simple 
methematic  derivations,  dielectric  constant  e  (  -  Dj  /  F.j)  can 
be  obtained. 


For  the  free  boundary,  dielectric  constant  is 


“31  2v  0}  w 

£  =  E„  + - tf!—~ 

j  II  cu  tv  2v 
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For  the  clamped  boundary,  dielectric  constant  is 


(9) 


(10) 


Table  1  lists  some  physical  data  of  BT-  and 
PMN-based  ceramics.  Using  the  data  given  in  Table  1,  the 
electromechanical  resonances  under  the  two  extreme  boundary 
conditions  are  calculated  from  equations  (9)  and  (10),  as  plotted 
in  Fig. 2.  It  is  confirmed  that  the  clamped  boundary  results  in 
disappearence  of  the  electromechanical  resonances. 


Tabic  1  Some  related  physical  data  of  BT-  and  PMN-based 
ceramics. 


Materials 

BT 

PMN 

p(10’  kg/m’  ) 

5.7 

7.7 

<^33/  <^o 

1700 

8000 

dj,  (10  ”  C/N) 

-78 

-200 

S|,  (10“”  mVN) 

7.0 

11.2 

v  (m  /  s) 

5000 

3400 

Actually,  the  electromechanical  resonance  of 
piezoelectric  MLC  is  between  the  two  extreme  cases  in  which  no 
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Fig.2  Calculated  dielectric  frequency  spectra  under  the  condi 
tions  of  free  and  clamped  boundaries  for  (a)  BT-  and  (b) 
PMN-based  MLC. 


Measurements 

Generally,  the  resonant  frequency  is  in  the  range  of 
several  MHz.  for  most  of  MLCs,  since  their  width  is  always  in 
the  mm  range.  In  order  to  exite  the  piezoelectricity  of  the 
dielectric,  a  dc  bias  should  be  applied  on  MLC  during  the 
measurement.  A  computerized  low-frequency  impedance  ana- 
lyz.er  is  used  to  measure  the  resonance  behaviors  of  MLC.  The 
analyzer  has  a  frequency  range  from  5  Hz  to  13  MHz  and  a  dc 
bias  of  up  to  35  V. 


Fig.3  shows  the  frequency  spectra  of  capacitance  of 
PMN-based  MLC  under  OV,  20V  and  35V  dc  bias.  From  this 
figure,  it  can  be  concluded  that  the  measured  resonances  are  due 
to  the  induced  piezoelectricity.  No  resonances  of  inductance  and 
capacitance  of  the  electric  circuit  and  the  capacitor  are  take 
place  in  our  measurements. 


f  (llllz) 


Fig.3  Frequency  spectra  of  capacitance  of  PMN-based  MLC 
under  OV,  20V  and  35V  dc  bias. 


The  electromechanical  resonance  phenomena  of  MLC 
are  observed  in  the  frequency  spectra  of  impedance  7  and  phase 
angle  0,  capacitance  C  and  loss  tangent  tg<5.  Which  is  the  best 
candidate  for  the  nondestructive  evaluation?  The  contrast  and 
repeatability  of  the  spectra  are  most  important  for  the  applica¬ 
tion  of  NDE.  The  contrast  or  the  hight  of  resonance  peak 
(hereinafter,  the  subscript  r)  indicates  the  sensitivity  to  a 
delamination  of  MLC.  The  repeatability  or  reproducibility 
means  the  stability  of  the  resonances  measured  from  time  to 
time.  In  addition,  a  low  dc  bias  is  very  convenient  for  a  rapid 
real  time  testing.  Two  types  of  MLCs  from  BT-  and 
PMN-based  materials  are  chosen  for  this  examination. 

Because  most  MLCs  are  used  around  room  tempera¬ 
ture,  it  is  preferable  that  the  evaluation  is  carried  out  at  room 
temperature.  But  it  may  be  asked  how  wide  is  the  temperature 
range  for  the  evaluation.  Fig.4  shows  a  temperature  dependence 
of  C,  (capacitance  at  resonant  frequency)  for  PMN-based 
MLC.  It  can  be  seen  that  the  suitable  temperature  is  from  0  C 
to  50  C  which  is  in  agreement  with  the  operation  temperature. 
Similar  phenomena  are  also  observed  in  the  other  spectra  of 
PMN-based  MLC.  The  temperature  effect  of  the  resonances  of 
BT-based  MLC  is  the  same  as  that  of  PMN-based  MLC.  All 
measurements  in  this  paper  are  performed  at  room  temperature 
except  indicated. 


Fig.4  Temperature  dependence  of  the  electromechanical  reso¬ 
nance  of  PMN-based  MLC. 


Because  the  piezoelectricity  of  M  LC  is  not  polarized 
permanently,  the  electromechanical  resonances  take  place  only 
in  case  of  a  applied  bias  V„.  It  has  no  doubt  that,  the  stronger  a 
dc  bias,  the  stronger  the  resonances  are.  It  is  very  interesting  that 
the  bias  effect  on  the  contrast,  under  35V  dc  bias,  obeys  the 
same  experimental  relation  (  ~  Vj  )  for  7,,  0„  C,  and  tgh,, 
i.e.  impedance,  phase  angle,  capacitance  and  loss  tangent  at  res¬ 
onant  frequency.  This  means  that  the  piezoelectric  modulus  is 
proportional  to  the  applied  bias.  Fig  5  illustrates  the  bias  depen¬ 
dence  of  the  C,  contrast  of  PMN-based  MLC.  From  this  fig¬ 
ure,  it  is  concluded  that  a  large  bias  enhances  the  contrast. 
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Fig. 5  Bias  effect  of  PMN-based  MLC  on  the  electro  me 
chanical  resonance. 

Results  and  Discussion 

To  demonstrate  the  difference  among  these  four 
spectra,  the  electromechanical  resonances  of  capacitors  were 
measured  at  the  same  condition.  Fig.6  and  7  show  measured  re¬ 
sults  of  BT-  and  PMN-based  MLC  respectively.  For 
PMN-based  MLC,  it  can  be  found  that  the  contrast  is  the  best 
for  0  and  tg5,  good  for  C  and  bad  for  Z.  The  constrast  of  tgS  is 
the  highest  in  the  four  spectra  for  BT-based  MLC.  If  a  higher 
bias  is  applied  on  BT-based  capacitor,  the  constrast  of  C  is  bet¬ 
ter.  Several  batches  of  MLCs  over  hundreds  of  samples  were 
carefully  examined  at  different  conditions  and  times.  The  results 
indicate  that  the  Z  spectra  of  PMN-based  capacitor  have  the 
highest  repeatability,  C  is  the  second,  and  0  and  tg(5  are  the  last. 
The  four  spectra  of  BT-based  capacitor  is  all  good.  These  con¬ 
clusions  are  summaried  in  Table  2.  In  overall,  the  C  spectra  of 
PMN-based  capacitor  are  the  best  way  for  the  evaluation  of 
PMN  while  the  tgd  spectra  are  best  for  BT-based  MLC  test.  In 
addition,  all  MLCs  tested  have  the  smallest  fluctuation  of 
capacitance  and  dielectric  loss  under  no  dc  bias.  This  is  benefi¬ 
cial  to  the  rapid  testing  in  mass  production.  It  is  not  difficult  to 
understand  this  phenomenon  from  the  above  calculation.  The 
capcitance  resonance  is  a  direct  effect  while  the  others  are 
indirective  for  relating  to  real  part  of  impedance. 


Tabic  2  The  contrast  and  repeatability  of  the  electromechanical 
resonances. 


Spectrum 

1 

z 

0 

C 

tg5 

j  Contrast 
BT  1 

Poor 

i-  * 

Good 

Poor 

Excellent 

Repeatability 
1  Contrast 

pmnI—  - 

Good  1 
f'  -  1 

j  Poor 

Good 

Good 

Good 

Excellent 

Good 

Excellent 

'  Repeatability 

Excellent 

Poor 

Good 

Poor 

6  (red) 


Using  the  computerized  impedance  analyser,  many 
capacitors  were  tested.  The  statistical  distributions  of  tgd,  and 
C,  of  a  batch  of  BT—  and  PMN— based  MLCs  are  given  in 
Fig.8  and  9  respectively.  A  damping  resonance  suggests  that  the 
MLC  has  a  delamination.  On  the  contrary,  an  undamping  reso¬ 
nance  means  that  the  MLC  is  without  delamination.  In  these 
figures,  delaminated  MLC  is  located  in  the  left  while  good  MLC 
in  the  right.  The  quality  of  MLC  located  in  the  middle  depends 
on  the  screening  criterion. 


I'Jt:,- 

Fig.8  Statistical  distribution  of  the  resonant  loss  tangent  tgd, 
for  100  BT— based  MLCs. 
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Fig.  10  Statistical  results  of  the  resonant  capacitance  C,  for  two 
batches  of  PMN-based  MLCs  including  (a)  10%  and  (b) 
40%  defects  by  statistics  of  DPA. 
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Fig.9  Statistical  distribution  of  the  resonant  capacitance  C, 
for  100  PMN-based  MLCs. 

Two  batches  of  PMN— based  MLCs  were  detected  by 
DPA  .  One  has  about  10%  defective  capacitors  and  the  other 
includs  over  40%  defective  capacitors.  The  two  batches  are  ex¬ 
amined  by  the  electromechanical  resonance  under  20V  bias.  The 
statistical  results  are  quite  different  between  the  two  batches  of 
capacitors,  as  shown  in  Fig.  10.  If  the  critical  capacitance  is  0.0 1 5 
/iF,  the  two  batches  of  capacitors  have  about  4%  and  52%  de¬ 
fective  MLC  respectively.  The  confirmation  from  accelerated  life 
test  is  going  on. 

Conclusion 


The  calculation  indicates  that  width  expansion  waves 
are  pronounced  in  the  electromechanical  resonances. 
Delaminations  can  be  approximated  as  a  clamped  boundary  and 
can  lead  to  a  damped  resonance.  The  expermental  results  sug¬ 
gest  that  the  capacitance  is  one  of  the  best  candidates  for  a  real 
time  testing  of  the  quality  control  of  MLC  both  in  contrast  and 
repeatability. 
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Destruction  mechanism  in  multilayer  ceramic  actuators  has  been 
investigated  under  cyclic  electric  fields.  Crack  propagation  has  been 
observed  dynamically  using  CCD  microscopy,  and  the  accompanying 
characteristics  of  the  induced  displacement  and  acoustic  emission  were 
measured  simultaneously.  The  piezoelectric  Pb(Nii/3  Nb2/3)  O3 - 
PbTi03  and  the  phase-transition-related  actuator  material 
(antiferroelectric)  PbZrOs  -  PbSn03  -  PbTi03  exhibit  a  remarkable 
difference  in  the  destruction  manner  probably  due  to  the  strain 
induction  mechanism.  The  effect  of  layer  thickness  on  the  destruction 
process  has  also  been  studied. 

Introduction 

In  these  several  years  piezoelectric/electrostrictive  ceramic 
actuators  have  become  very  popular  for  micro-positioning  in  optical 
and  precision  machinery  fields  and  active  vibration  suppression  in 
mechanical  structures.*  The  expanding  number  of  applications  of 
ceramic  actuators  has  made  the  endurance  of  the  devices  very 
important. 

This  paper  describes  the  destruction  mechanism  of  multilayer- 
type  ceramic  actuators  observed  by  optical  microscopy,  induced 
displacement  and  acoustic  emission  measurements,  and  proposes  a 
safety  system  which  can  stop  the  actuator  before  its  troublesome  sudden 
complete  collapse. 

Experiments 

Multilayer  model  actuators  were  prepared  by  tape  casting 
method.  The  samples  simulating  the  interdigital  electrode 
configuration  IFig.  Kali  used  in  this  experiment  have  only  one  internal 
ceramic  layer  with  a  thickness  of  100  pm,  200  pm  or  300  pm,  as  shown  in 
Fig.  Kb). 

The  piezoelectric  Pb(Nii/3Nb2/3)o.6  Tio.403  (PNNT)  and  the 
phase-transition-related  actuator  material  Pbo.99Nbo.02 
l(Zro.7Sno.3)o.955Tio.045lo.9803  (PNZST)  were  prepared,  and  the 
average  grain  size  of  the  device  was  roughly  the  same  (-5  pm), 
maependent  of  the  composition  and  the  layer  thickness.  The  PNZST  is 
initially  antiferroelectric,  but  changes  into  ferroelectric  under  an 
applied  electric  field. ^  Rather  isotropic  expansive  strains  are 
associated  with  this  phase  transition,  and  the  magnitude  of  the  strain 
(-1.5  X  KT^)  is  twice  larger  than  that  of  the  piezoelectric  PNNT.  The 
longitudinally  and  transversely  induced  strains  in  the  piezoelectric 
PNNT  are  0.8  x  10"^  and  -0.3  x  10"^,  respectively,  with  opposite  sign.^ 

Note  that  the  multilayer  model  actuator  used  in  this  experiment 
exhibits  an  exaggeratedly  large  internal  stress  concentrated  around  the 
electrode  edge  so  as  to  accelerate  the  failure  of  multilayer  actuators. 

Figure  2  show  the  measuring  system  composed  of  a  CCD 
microscope  (Toshiba,  IK-C40),  a  displacement  sensor  (Millitron,  Nr. 
1301)  and  an  acoustic  emission  sensor  (NF  Circuit  Design  Block,  AE- 
905).  The  sample  was  driven  by  a  triangular  electric  field  of  Emax  =  2- 
4  kV/mm  at  0.1  Hz. 


Results 

Crack  Propagation:  Crack  generation  and  propagation  resulting 
from  the  internal  stress  was  observed  and  recorded  dynamically  using  a 
CCD  microscope  and  a  VCR.  Figures  3(a)  and  3(b)  show  typical  crack 
propagation  processes  observed  for  the  PNNT  and  PNZST  samples 
(200  pm  in  layer  thickness).  The  crack  initiates  at  the  internal 
electrode  edge  in  the  PNNT  sample  and  propagates  to  another 
electrode  obliquely,  also  outward  of  the  electrode  and  along  the 
ceramic-metal  electrode  interface.  On  the  contrary,  the  crack  starts 
between  the  pair  electrodes  slightly  inside  the  electrode  edge  in  the 
PNZST,  then  propagates  along  tlic  center  area,  finally  branching 
around  the  electrode  edge.  It  is  noteworthy  that  the  crack  opens  wide 
under  the  electric  field  and  closes  at  zero  field. 

This  difference  is  probably  due  to  the  difference  in  internal  stress 
distribution.  The  sign  of  the  longitudinally  -  or  transversely-induced 
strain  is  opposite  in  the  piezoelectrics,  while  in  antifcrroelectrics 
undergoing  a  phase  change,  rather  isotropic  expansive  strains  are 
induced  in  both  directions.  Therefore,  the  internal  stress  distribution  in 
antifeiToelectrics  differs  from  that  of  piezoelectrics. 

Similar  crack  propagation  processes  were  observed  in  the 
different  layer-thickness  samples,  however,  significant  differences 
were  recognized  in  the  fracture  toughness.  Figures  4(a)  and  4(b)  plot  the 
layer  thickness  dependence  of  the  critical  deformation  cycles  required 
for  the  initial  crack  generation  and  of  the  crack  propagation  spe^  per 
drive  cycle  (measured  in  PNZST).  A  dramatic  improvement  in  the 
fracture  toughness  is  obtained  in  the  thinner  layer  sample,  even  though 
the  driving  electric  field  is  the  same  of  all  samples.  TTie  reason  is  not 
clear,  but  it  may  be  related  to  the  ratio  between  the  grain  size  and  the 
layer  thickness. 

Displacement  Changes  during  Failure:  The  destruction  of  the 
device  brings  a  change  in  the  induced  displacement.  Figures  5(a)  and 
5(b)  show  the  variation  of  the  induced  displacement  during  the  crack 
propagation  process  for  the  model  actuators  of  PNNT  and  PNZST, 
respectively,  with  a  layer  thickness  of  200  pm.  The  displacement  is 
enhanced  remarkably  at  the  initial  stage;  this  can  probably  be 
attributed  to  the  bending  deformation  associated  with  the  crack 
opening  and  closing  process.  Further  increase  in  the  number  of 
deformation  cycles  leads  to  a  decrease  in  the  magnitude  of  the 
displacement.  The  effective  electric  field  in  the  ceramics  decreases 
because  the  narrow  air  gap  is  associated  with  complete  crack 
formation. 

Variation  of  Acoustic  Emission:  Acoustic  emission  (AE)  events 
were  counted  during  the  destruction  process  of  the  PNZST  sample  with 
a  layer  thickness  of  200  mm  (Fig.  6).  The  AE  count  increases  remarkably 
after  the  crack  initiation,  reaching  a  maximum  at  60  cycles,  where  the 
crack  propagation  speed  is  maximum,  and  the  largest  displacement  is 
observed.  Later,  the  AE  count  leveled  off  after  the  crack  was 
completed. 
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il  deformation  cycle  required  for  the 
propagation  spe^  per  drive  cycle  (b). 
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destruction,  (a)  PNNT  and  (b)  PNZST. 


Fig.  b  Changes  in  acoustic  emission  count  during  the  fracture 
process  measured  in  a  model  actuator  of  PNZST. 


Fig.  7  AE  count  change  monitored  in  a  200-layers  sample  of  PNNT 
with  aging  time.  The  accelerated  aging  was  performed  by  a 
thermal  shock  treatment. 
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The  AE  count  change  was  also  monitored  for  a  200-layers  sample 
of  PNNT  (10  X  10  X  20  mrr?)  with  aging  tinw.^  An  accelerated  aging  test 
was  performed  by  a  rapid-heat  treatment  up  to  ItXl'C  in  a  second. 
Figure  7  shows  that  the  AE  count  increases  by  three  orders  of  magnitude 
at  the  final  failure  of  the  device  in  comparison  with  the  virgin  state. 
The  monotonous  increase  of  AE  may  be  attributed  to  successive 
accumulation  of  cracks  generated  in  the  actuator  device. 

Summary  and  Discussions 

The  crack  generation  and  propagation  in  multilayer  ceramic 
actuators  was  observed  dynamically  during  cyclical  electric  fields.  In 
piezoelectrics,  the  crack  initialed  near  the  edge  of  the  internal 
electrode  and  propagated  basically  in  three  directions:  two  cracks 
moved  toward  the  outside  electrostrictively  inactive  region  forming  an 
angle  of  100’  with  each  other,  while  the  third  moved  along  the 
ceramic-electrode  interface.  This  behavior  can  be  explained 
theoretically  based  on  finite  element  calculations.^ 

On  the  contrary,  in  antiferroelectrics,  the  crack  begins  slightly 
inside  the  edge  of  the  internal  electrode  and  propagates  along  the 
center  area  between  the  pair  electrodes.  Later  crack  branches  arc 
generated  around  the  electrode  edge.  Theorebcal  calculations  are  now 
in  progress. 

In  both  eases  the  apparent  displacement  becomes  slightly  larger 
than  that  of  the  virgin  stale,  and  the  AE  count  increases  drastically 
associated  with  the  crack  propagation. 

Finally  we  propose  a  very  smart  actuator  system  containing  a 
safety  feedback  function  (Fig.  8),  which  can  stop  an  actuator  drive 
safely  without  causing  any  serious  damages  on  to  the  work,  eg.  in  a 
precision  lathe  machine.  The  AE  might  be  one  of  good  predictors  for 
actuator  failure.  A  certain  level  of  the  AE  count  will  indicate  a  timing 
to  replace  the  ceramic  actuator. 
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Fig.  8  Very  smart  actuator  system  with  a  reliability  test  function 
as  well  as  position  sensor. 
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ABSTRACT 


THE  FERROELECTRIC  PHASE  SHIFTER 


The  traditional  rotating  reflector  antenna  associated  with  airport  traffic 
control  systems  is  being  replaced  in  some  applications  by  a  new  design 
concept  called  the  phased  array.  Generally  planar  in  shape,  it  is  made  up  of 
thousands  of  closely  spaced,  individual  ra^atois  whose  composite  beam  can 
be  shaped  and  specially  directed  in  microseconds,  enabling  it  to  track  a 
multitude  of  targets  at  one  time.  This  is  accomplished  electronically  by  RF 
phase  shifters  associated  with  each  individual  radiating  element  No  moving 
parts  are  required. 

State  of  the  art,  passive  phased  array  antennas  are  limited  in  their  application 
by  cost,  mote  than  any  other  factor.  Even  utilizing  the  latest  techrtology  and 
fabricating  techniques,  the  required  phase  shifters  are  not  cheap,  and  with  a 
typical  array  requiring  thousands  of  individual  antenna  elements,  each  with 
its  own  phase  shifter,  the  price  of  the  total  system  quickly  becomes 
prohibitive. 

INTRODUCTION 

This  paper  proposes  the  use  of  ferroelectric  materials  in  the  design  of  phase 
shifters  for  RF  applications  as  a  means  of  overcoming  the  limitations  of 
current  technology.  A  simple  and  novel  design  will  be  outlined,  and  test 
results  presented.  (Refer  to  Figure  1.) 

Numerous  attempts  have  been  made  to  lower  the  cost  of  phased  array 
elements.  Investigations  into  the  use  of  PIN  diodes  were  carried  out  in  the 
1960's  and  '70's,  since  they  lent  themselves  to  a  cheap  phase  shifter  design, 
but  no  way  was  found  to  avoid  the  high  insertion  losses  that  their  utilization 
entailed  especially  at  Ku  band  and  above.  Ferrite  phase  shifters  have  gained 
popularity  in  recent  years,  as  initial  problems  of  weight,  size  and  operational 
speed  have  been  overcome,  but  their  unit  cost  and  complexity  have 
prevented  them  from  becoming  the  building  block  that  array  designers  are 
searching  for.  As  a  result,  phased  array  antennas  are  still  for  the  most  part 
an  expensive  luxury  in  the  defense  industry  arsenal,  limited  to  specialized 
applications  in  which  antenna  cost  and  complexity  are  outweighed  by 
unusual  mission  requirements. 


The  ferroelectric  phase  shifter  design  is  based  on  a  ma,.vu<d  whose  dielectric 
permittivity  can  be  made  to  vary  by  application  of  a  DC  electric  field,  parallel 
to  the  polarization  of  the  RF  energy,  and  normal  to  its  direction  of 
propagation.  Variations  in  pennitlivity  alter  the  RF  propagation  velocity,  and 
if  placed  inside  a  waveguide  structure,  will  change  die  cutoff  wavelength  and 
dispersion  of  the  waveguide  itself;  the  two  effects  translate  into  propagation 
ph^  variation.  A  short  waveguide  section  containing  ferroelectric  material 
would  constitute  the  key  element  for  accomplishing  electronic  scanning  of  an 
economical  array  antenna  configuration.  Such  a  secticm  is  the  waveguide 
flange  illustrated  in  Figure  2,  a  phase  shifter  developed  at  Norden  Systems 
with  the  assistance  of  United  Technologies  Research  Center  (UTRC)  in 
Hartford,  CT. 

It  consists  of  a  material  sample  placed  in  a  Ku-band  flange  whose 
b-dimension  is  decreased  from  0.31 1  inches  to  0. 100  inches  by  means  of  a 
gradual  taper  section  on  either  side  of  the  phase  shifter  flange.  See  the  photo 
of  Figure  3.  The  height  taper  allows  lower  voltages  to  be  applied  across  the 
samfde  to  achieve  a  given  electric  field. 

The  voltage  requirement  is  lowered  further  by  splitting  the  sample  in  half 
along  the  a-dimension  of  the  flange  and  depositing  a  thin  conductive  layer 
between  the  two  halves.  A  voltage  is  then  applied  to  the  center  conductor, 
creating  a  vertical  E-field  to  the  gmmded  flapge.  Matching  layers  are  fdaced 
on  either  side  of  the  sample  to  couple  the  RF  energy  in  and  out  of  the 
material.  These  rectangular  layers  of  dielectric  are  needed  in  the  design  of 
the  phase  shifter  because  of  the  impedance  mismatch  between  air  and  the 
high  permittivity  ferroelectric.  If  not  dealt  with,  most  impinging  radiation 
would  simply  be  reflected  off  the  front  face  of  the  material.  The  energy  can 
be  coupled  efficiently,  however,  by  the  appropriate  use  of  matching  layers. 

One  barrier  to  the  application  of  ferroelectrics  to  device  designs  has  been  the 
unavailability  of  a  low-loss  voltage-tunable  material.  Recently,  a  material 
developed  by  Penn  State  Materials  Research  Labs  was  repotted  to  exhibit  a 
permittivity  of  3(XX)-4(XX)  with  a  loss  tangent  less  than  0.01  in  the  centimeter 
wavelength  region.  The  material  is  a  member  of  the  Perovskite  family,  a 
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Figure  1.  Beam-Steering  Concept  Using  Phase  Shifters  at  each 


Figure  2.  Waveguide  Flange  with  Coaxial  High  Voltage 
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Figure  3.  Photo  of  Phase  Shifter 

ceramic  consisting  of  a  combination  of  barium  and  strontium  titanate  (BST). 
The  BST  family  of  ferroelectrics  has  long  been  advocated  for  use  in  RF 
applications. 

With  the  assistance  of  technicians  at  UTRC,  the  Penn  State  ferroelectric 
material  was  inserted  in  the  waveguide  flange  and  coupled  to  the  waveguide 
taper  sections  via  the  dielectric  matching  layers.  The  test  flxture  consisting  of 
the  flange  and  waveguide  tapers  was  connected  to  a  Hewlen  Packard  8510 
Network  Analyzer  and  to  a  source  of  DC  voltage.  As  the  voltage  was 
incrementally  increased,  the  change  in  phase  of  the  RF  signal  was  recorded. 
A  chart  showing  the  superimposed  phase  curves  vs.  frequency,  as  viewed 
on  the  network  analyzer  screen,  is  illustrated  in  Figure  4.  Each  curve 
represents  the  phase  of  the  RF  signal  at  a  given  DC  voltage  excitadoa 

The  test  results  are  plotted  as  a  single  curve  in  Figure  5. 


$2,  AND  Ml 
BEF  0.0* 

1  45.0*/ 


Figure  4.  Network  Analyzer  Graph  of  Superimposed  Phase  Curves 
vs.  Frequency 


The  insertion  loss  was  measured  in  the  same  test  setup.  Its  value,  -13.4  dB 
at  16  GHz,  was  for  too  great  to  consider  the  waveguide  flange  a  serious 
competitor  in  the  phase  shifter  marketplace.  The  reasons  for  this  large 
insertion  loss  were  then  examined. 

Norden  Systems  uses  the  EEsof  RF  simulation  software  called  Touchstone. 
With  this  design  aid,  the  waveguide  flange  with  ferroelectric  material, 
adhesive  and  matching  layers  was  simulated.  When  the  graphs  of  the 
insertion  loss  and  RF  phase  in  simulation  matched  the  plots  obtained  from 
the  HP  8510  (see  Figure  6),  it  was  discovered  that  the  ferroelectric  material, 
instead  of  measuring  a  loss  tangent  on  the  order  of  0.01  had  in  reality  a  loss 
tangent  of  0.147. 

Clearly,  this  particular  sample  of  BST  was  not  suitable  for  commercial 
applications.  It  was  next  postulated  what  the  behavior  of  the  phase  shifter 
would  have  been  had  the  loss  tangent  been  as  advertised,  or  approximately 
an  order  of  magnitude  less.  Figure  7  shows  the  effect  on  the  insertion  loss. 
Such  a  sample  of  ferroelectric  would  have  held  promise. 

A  future  low-cost,  two-dimensional,  beam-agile  planar  array  utilizing 
ferroelectric  phase  shifting  technology  would  be  attainable,  depending  on 
several  factors: 

a.  The  material  loss  tangent  goal  of  <.01  must  be  reached.  Loss  tangent 
translates  into  insertion  loss,  and  one-way  losses  on  the  order  of  1-2  dB 
would  be  competitive  in  today's  market.. 


Figure  6.  EESOF  -  Touchstone  Software  Simulation 
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Figure  7.  EESOP  •  Touchstooe  Software  Simulation 

b.  The  DC  driver  requirements  imposed  on  the  ferroelectric  phase  shifter  by 
a  specific  antenna  design  must  be  realizable;  that  is.  *he  driver  circuit 
must  be  simple,  cheap,  and  the  driving  potential  must  not  be  excessive. 
The  presence  of  high  voltages  in  an  antenna  array  would  constitute  a 
serious  design  problem. 

c.  The  permittivity  must  change  at  least  50%  with  application  of  the  DC 
bias  field. 

d.  The  material  must  be  structurally  rugged  enough  to  u’i'hstand  the 
temperature  and  vibration  environments  encountered  in  many  radar 
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Modified  Lead  Scandium  Tantalate  for  Uncooled  LVVIR  Detection  and  Thermal  Imaging 
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l.ead  scandium  lamalale  (PST)  has  been  shown  lo  have 
exceplionally  good  pyroeleclnc  figures  of  menl,  especially  for 
small  deieciors  of  die  i>pe  involved  in  die  large  arrays  needed 
for  uncooled  solid  siale  ihermal  imaging.  This  paper  will  review 
ihe  properties  of  PST  in  relation  Ui  those  of  other  materials 
w  hich  have  been  considered  for  use  in  this  role  and  discuss  how 
dopants,  including  K/Bi.  Nb,  Ti  and  Zr  can  be  used  lo  modify 
the  propenies  of  the  material  in  a  way  which  would  be  beneficial 
to  certain  modes  of  deieelor  operation,  particularly  with  mspecl 
to  the  elimination  of  the  requirement  for  cooling.  Fq  figures-of- 
meril  of  over  20  x  10'-‘’Pa‘  are  reported.  A  concern  for  the 
u.sei  ol  devices  under  electrical  bias  is  the  possible  change  in  the 
propenies  of  the  active  material  with  time.  This  is  particularly  .so 
in  the  case  of  dielectric  bolometers  where  they  are  subject  lo 

high  bias  fields  (up  to  5V/|im)  for  extended  periods.  The  results 
of  measurements  of  the  properties  of  PST  after  ageing  under 
such  fields  are  presented.  The  major  ob.served  change  is  in  the 
dielectric  loss  which  increases  gradually  due  to  a  thermally 
activated  process,  showing  an  increase  in  lo.ss  of  about  2i}7r 
after  .SOOO  hours  ai  lOO’C,  corresponding  to  >5  years  at  or 
below  70~'C.  The.^e  changes  are  acceptable  for  device 
applications.  Single  element  detectors  have  been  made  using 
PST  and  their  properties  assessed  in  comparison  with 
conventional  pyroelectric  ceramics.  It  has  been  shown  that 
detectivities  (D  )  of  2.5x10^  cmH/*'^2w-l  can  be  obtained  for  1 
mm-  detectors.  The.sc  are  409!  greater  than  for  a  detector  of  the 
same  design  made  with  a  standard  pyroelectric  material  (a 
modified  lead  /irconaie).  Decreasing  the  area  of  the  detector  to 
O.lmm-  gives  a  D*  of  7x10^  cmH/'^-W"*. 

Introduction 

The  prime  drive  for  infra-red  detection  and  the  a,s,sociated 
thermal  imaging  equipments  over  the  pa.si  twenty  years  has  been 
for  militate  night  vision,  target  acquisition  and  mi.ssile  guidance. 
In  recent  years,  requirements  in  this  field  have  turned 
increasingly  towards  technoKigies  with  the  potential  to  deliver 
lightweight  compact  and  low  power  imaging  heads.  The  non¬ 
military  applications  of  such  heads  in  ihermal  imaging  are  also 
very  wide,  including  product  inspection  for  fault  isolation  and 
quality  a.ssurance'.  fire  detection  and  prevention  (eg,  in  aircraft^ 
and  around  spacecraft-^),  remote  temperature  measurement  (eg. 
in  aeromechanics'^  or  in  la.ser  h'-at  treatment  of  materials^), 
medical  diagnosis^,  monitoring  of  burns  patients^  and 
automotive  vision  enhancement^.  The  most  important  move  to 
make  such  applications  practical  is  the  development  of  uneooled 
ihermal  imaging,  recognising  its  significant  advantages  in  the 
above  aspects  in  comparison  with  the  cooled  photon  detector 
technologies  with  the  implications  of  bulky  and  expensive 
cryogenics.  The  result  has  been  the  development  of  uncooled 
ihermal  detectors,  particularly  ba.sed  on  the  u.se  of  pyroelectric 
ceramic  materials. 

The  applications  of  the  pyroelectric  effect  in  infra-red 
detection  and  thermal  imaging  have  been  extensively  reviewed*-^" 
'2,  Pyroelectric  detectors  generally  consi.st  of  thin  flakes  of  a 
ferroelectric  material,  eleclroded  on  the  major  faces  and 
connected  to  a  high  impedance  FET  buffer  amplifier.  The 
temperature  change  generated  by  the  aKsorption  of  the  IR  energy 
relea,ses  charge  which  appears  as  a  voltage  acro.ss  the  detector 
element.  Pyroelectric  ceramics  have  many  advantages  over 
alternative  materials,  amongst  which  they  offer  electrical 
properties  which  are  easily  modified  by  doping  combined  with 
low  potential  manufacturing  costs  and  the  provi.sion  of  large 
areas  which  make  device  production  very  economic.  A 
particularly  promising  system  has  been  developed  which 
modifies  PbZrO^  by  solid  solution  with  Pb2FeNb06  and 
PbTi()3,  with  the  inclusion  of  UO3  as  a  conductivity  controlling 
dopant '^.14  Further  improvements  to  this  system  can  be 
engendered  *  ■*’  by  using  substitution  of  .Sr2+  for  Pb2+, 


In  the  last  tew  years,  there  has  been  considerable  interest 
in  using  ferroeleciries  close  to  their  Curie  temperatures  and 
under  an  applied  electncal  bias  field  This  so-called  dielectric 
bolometer'  mode  of  operation  has  been  shown  lo  give  higher 
performance  figures-of-meni  than  can  be  achieved  in 
conventional  pyroeleclnc  maienals,  panicularly  for  large  arrays 
of  small  detectors  for  solid  suite  pyroelecu-ie  thermal  imaging*^. 
The  advantages  which  are  generally  achieved  by  operation  in  this 
mode  are  very  high  pyroeleclnc  coefficients  (typically  an  order- 
of-magniiude  higher  than  conventional  pyrixilecu-ics)  and  low 
dielectric  los.ses.  The  high  dielectric  constant  w  hich  might  seem 
to  be  a  disadvantage  of  operating  near  T^  m  fact  serves  to  give 
good  matching  of  a  small  element's  capacitance  to  the 
capacitance  of  the  amplifier. 

This  paper  di.seu.s.se.s  the  opiimis..  >f  the  matenal  for 

u.se  in  pyrixilecunc  ihermal  imaging  arr^  -  some  examples  of 

devices  using  the.sc  materials. 

Materlol  Choice  ond  Optimisation 

In  the  di.scussion  which  follows,  the  matenals  figure-of- 
merii***  which  most  clo.sely  desenbes  signal-io-noise  ratio  will 
be  used  lo  compare  materials.  This  is  F'd  =  pAc  [EfoUmS]  '^2) 
(where  p  =  pyroelectric  coefficient,  f  =  dielectric  permittivity. 
ian5  =  dielectric  lo.ss  and  c'  =  volume  specific  heal).  The  voluige 
figure-of-merii  Ev  =  p/c'ffo  'v'H  also  be  u.sed.  It  should  be 

noted  that  p  and  f  (and  thus  Fd)  are  strongly  dependent  upon 
applied  field  and  temperature  and  must  be  measured  over  a  range 
of  conditions  when  dielectric  bolometer  operation  is  being 

considered,  f  and  lan8  .should  also  be  measured  at  the  frequency 
of  interest  (usually  50  to  2()0Fl<'  for  ihermal  imaging 
applications). 

The  development  of  an  optimised  pyroelectric  ceramic 
ba.sed  on  modified  lead  zirconaie  has  been  extensively  di.scu.ssed 
elsewhere  *  '  2  and  will  not  be  repeated  here.  Table  1  gives 

the  properties  of  a  hot-pressed  ceramic  with  composition 
Pb|(Zr().58Fe(),2()Nb(),2()Ti(),()2)0.995L'().()()5)03.  This  is 
referred  to  as  Mod.PZ.  The  room  temperature  Fd  lor  this 
material  is  typically  -2.85  x  l()'-^Pa'l^2 

Table  1 

Electrical  Properties  of  Mod.PZ  Pyroelectric 
Ceramic 


p(20^) 

E  (80Hz) 
ian5  (80Hz) 
c ' 

Fd 


4.1  X  IO-4Cm2K-> 

.■^50 

().(K)94 

2.67  X  l()6jm--^K-' 
2.85  X  10-5pa-l/2 


The  ferroelectric  PbSci)2Tai/203  (PST)21.22  has  been 
shown  to  give  excellent  figures-of-merii  when  compared  with 
other  materials  such  as  KTaxNbi.x0,3  (KTN)'^, 
Bao,65Sr().35Ti()3  (BST65/.75)’'2  and  (Pho  99Lao.oi ) 
(Mg]/3Nb2/3)()3  (PLa()lMN)2(>,  It  is  al.so  relatively  easy  to 
fabricate  as  a  fully  den.se,  stable  ceramic  by  hot-pressing. 
Figure  1  shows  the  temperature  dependence  of  Fd  under  a  field 
of  5V/pm  when  compared  with  BST65/.75  and  PLaOlMN  under 
similar  field  conditions  and  Mod.PZ  at  zero  bias  (ie,  in 
pyrwlectric  mode).  It  can  be  .seen  that  the  Fd  for  PST  is  .4.5 
times  the  value  for  Mod.PZ  at  25°C.  The  PST  ceramic  Fd  peaks 
at  a  value  80%  greater  than  its  neare.st  dielectric  bolometer  rival 
(BST65/.45). 
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Fig.  1 .  Variaiion  of  Fd  wiih  temperature  for  several  dielectric 
bolometer  materials  compared  with  Mod.PZ. 


Doped  PST  Ceramics 

The  use  of  ferroelectric  ceramics  in  dielectric  bolometer 
mode  has  the  slight  di.sadvantage  in  relation  to  conventional 
pyroelectric  mode  that  the  material  must  be  temperature  stabilised 
in  the  region  of  (usually  just  above)  Tc  to  gain  optimum 
performance.  If  external  operational  temperatures  can  range 
from  -40  to  +H)°C  and  Tc  is  chosen  in  the  region  of  25°C,  this 
will  entail  heating  the  material  from  the  low  external  temperature 
end  and  cooling  it  from  the  high.  While  thermoelectric  coolers 
are  readily  available,  the  task  of  providing  up  to  30°C  of  cooling 
while  coping  with  an  array  dissipation  of  a  few  hundred 
milliwatts  can  take  cooling  powers  of  a  few  watts.  Generally,  it 
is  much  easier  to  provide  heating  than  cooling.  Hence,  a  Tc 
towards  the  upper  end  of  the  external  temperature  range  is 
de.sirable. 

Several  dopants  have  been  explored  to  assess  their 
effects  on  Tc  and  electrical  properties  in  the  PST  system.  These 
include: 


a.  K+,  Bi-^+  as  a  balanced  A  site  substituent  for  Pb2+, 
formulated  as  lPbi.x(Ko.5Bi0.5)xl(Sci/2Tai/2)03  and 
coded  here  as  PKB(x.  100)ST. 

b.  Solid  solution  between  (Pb(Sc i/2Ta  1/2)03)1 -x 

(Pb(Sci/2Nbi/2)03)x  coded  here  as  PSTN(x.lOO). 

c.  Solid  solution  between  (Pb(Sc i/2Ta  1/2)03)  1 -x 

(PbZr03)x  coded  here  as  PSTTfx.lOO). 

d.  Solid  solution  between  (Pb(Sc i/2Ta  1/2)03)  1 -x 

(PbZr03)x  coded  here  as  PSTZ(x.lOO). 

The  dielectric  and  pyroelectric  properties  of  hot-pressed 
ceramics  in  all  the.se  series  have  been  explored  in  detail.  The 
effect  of  K+,Bi^+  substitution  as  in  (a)  is  to  reduce  Tc,  while 
making  the  phase  tran.sition  more  diffuse.  The  substitution  of 
29?^  of  K+,  Bi-^+  for  Pb  reduces  the  zero  bias  Tc  from  25°C  in 
undoped  PST  to  around  0°C.  Conversely,  the  solid  solution 
with  lead  scandium  niobate  tends  to  increase  Tc  (as  would  be 
expected  as  PSN  has  a  Tc  of  about  1 10°C  when  well  ordered 
with  respect  to  Sc/Nb^-^).  The  variation  of  dielectric  constant 
with  temperature  for  both  types  of  dopant  are  shown  in  Figure 
2.  The  upward  shift  in  Tc  given  by  the  Niobium  substitution  did 
not,  interestingly,  follow  Vergard’s  law  and  while  a  Nb;Ta  ratio 
of  1:3  was  expected  to  give  an  upward  shift  in  Tc  of  about  15°C, 
the  ob.served  behaviour  was  non-linear  and  a  2:3  ratio  was 
needed.  Figure  3a  shows  the  Fp  values  (at  5V/|am)  for  some  of 
these  ceramics  when  compared  with  undoped  PST.  It  can  be 
.seen  from  Figure  3a  that  PBK03ST  has  a  very  much  broader 
dielectric  peak  than  either  PBK02ST  or  undoped  PST.  The 
PBK0.3ST  shows  pronounced  relaxor  behaviour  associated  with 
low  B-site  ordering23.  X-ray  diffractometry^'*  suggested  about 


Fig.  2.  Variation  with  temperature  of  the  dielectric  permittivity  of 
several  modified  PST  ceramics  (a)  PSTN25,  (b) 
PSTN40,  (c)  PBK02ST,  (d)  PBK03ST.  (e)  PST. 


25%  ordering,  compared  with  65%  for  PBK02ST  or  undoped 
PST.  The  peak  value  of  Fd  obtained  from  PBK02ST 
compared  well  with  that  from  undoped  PST,  but  shifted 
downwards  by  about  25°C.  The  PBK03ST  was  interesting  in 
that  Fd  was  almost  independent  of  Ujmperature  over  the  range 
assessed.  In  this  sense,  it  was  similar  to  PLaOIMN^O  (see 
Figure  1)  but  PBK03ST  has  an  Fd  about  21%  higher  for  the 
same  applied  field.  This  material  would  be  expected  to  give  very 
useful  performance  over  a  wide  range  of  temperature,  in  a 
situation  where  temperature  stabilisation  is  impractical.  The  two 
curves  for  PSTN25  correspond  to  before  and  after  annealing  at 
1 150°C  for  1(K)  hours,  which  gave  a  large  decrease  in  dielecuic 
loss  and  a  corresponding  increase  in  FD-  The  annealed  material 
would  allow  the  optimum  operating  range  of  a  detector  to  be 
increased  by  about  +20°C  with  no  degradation  in  detector 
.sensitivity. 

The  dielectric  properties  of  solid  solutions  with  PbTi()3 
and  PbZr()3  of  the  types  c  and  d  above  are  reported 
elsewhere^S.  Figure  3b  shows  the  variation  of  Fd  for  PSTTIO 
and  PSTZ12.5  in  compari.son  with  undoped  PST.  It  can  be  seen 
that  here  again,  significant  increases  in  optimum  operating 
temperature  have  been  obtained  at  quite  modest  doping  levels. 
The  peak  value  of  Fd  obtained  for  the  PbTi03  doped  material  is 
quite  comparable  with  that  for  undoped  PST,  while  the  PbZr()3 
doped  material  shows  significant  improvements  at  high 
temperature,  peaking  at  over  20  x  lO'-^’Pa''/^ 


Fig.  3.  Comparison  of  FD/temperature  for  .several  modified  PST 
ceramics  (a)  PSTN25,  (b)  as  (a)  after  annealing,  (c) 
PBK02ST,  (d)  PBK03ST,  (e)  PST,  (0  PSTTIO,  (g) 
PSTZ12.5. 
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Ageing  of  PST  Ceramics 

ll  In  a  mailer  of  some  eoncci  ii  that  ihc  use  iit’  bias  fields 
m  dieleeine  bnUimeter  deieeiors  should  noi  cause  long  term 
degradation  ol  die  relcvam  properiies  of  ihe  maierial  or  lead  lo 
dieleciric  breakdown.  For  ihe  study  of  ageing  in  PST.  single 
eleineni  detectors  1.5mm  square  and  51|im  thick  were 
assembled  m  (je-windowed  cans  with  dry  NA  These  were 
aged  in  batches  of  10  under  155V  (5V/nm  field)  at 
temperatures  ranging  from  -20  T’  lo  +125°C.  Periodically,  their 
properties  were  asses.sed  at  20‘C  ana  5V/pm  bias  field.  Control 
batches  were  stored  at  room  lemperaltim  and  r  7(TC  with  no  bias 
field.  The  pyroelectric  voltage  response  was  measua'd  at  80Flz, 
referred  to  a  l.iTaOt  standard  and  using  a  5(K)K  black  body,  e 
and  tan6  were  measured  at  IkFl/  using  a  GR  bridge  at  0.5Vrms. 
Loss  was  measured  00s  after  applying  the  bias.  The  ob.served 
loss  decreased  with  lime,  taking  ahtiut  .dO  minutes  to  stabilize. 
I'he  OOs  data  was  consistently  lO'd  higher  than  the  stable  value 
As  relative  changes  are  analysed,  the  basic  conclusions  are 
unaffected  by  this. 

In  general,  the  dielectric  loss,  capacitance  and 
pyrt  electric  voltage  respon.se  tend  to  increa.se  with  time  stored 
under  bias,  very  approximately  linearly  with  log  (time)  see 
Figures  4a,  b  and  c.  The  changes  in  dielectric  lo.ss  were  most 
significant.  Several  null  results  have  I'een  ob.served.  There 
were  no  significant  changes  at  -20‘’C,  155V  (19(K)  hours),  at 
20°C,  OV  (two  years),  and  at  70'^C,  OV  {47(M)  hours).  The 
increa.se  in  loss  was  independent  of  frequency  (60- KKHXlFIz). 
The  process  of  as.sessment  involved  applying  and  removing  a 
strong  electric  field  many  times.  One  sample  was  switched  like 
this  KKKI  times  (20'C,  -0.511/)  with  no  effect  on  capacitance 
and  lo.ss. 

Figtia’  4  shows  that  storage  under  bias  in  the  paraelectric 
pha.se  gradually  increases  the  dielectric  loss  under  bias  in  the 
ferroelectric  pha.se  of  PST,  doubling  after  .d.5(K)  hours  at  1{KI°C. 
The  process  is  thermally  activated,  the  rate  increasing  by  about 
an  order  of  magnitude  every  25“C.  This  corresponds  to  an 
activation  energy  of  leV.  The  change  in  capacitance,  Figum  4b, 
is  slower.  The  rale  tends  to  increase  with  temperature,  though  it 
is  not  a  good  match  to  a  simple  activation  energy.  The 
pyroelectric  voltage  response  data.  Figure  4c,  is  subject  to  the 
largest  measurement  error.  There  is  no  evidence  of  any  decrea.se 
in  re.spon.se  and  an  indication  of  a  slight  increa.se.  The  Fq 
material  figure  of  merit  is  proportional  to  the  product  of  the  pyro 
voltage  response  with  the  .square  root  of  the  ratio  of  capacitance 
to  loss.  This  is  dominated  by  the  dielectric  lo.ss,  and  is  reduced 
by  about  2i)9<  after  5(K)()  hours  at  KKf’C  (probably  equivalent  to 
over  5  years  at  or  below  7()°C).  This  ageing  is  unlikely  to  affect 
performance  during  long  term  operadon. 

During  this  sequence  of  experiments,  two  de-ageing 
techniques  were  attempted.  After  1050  hours,  five  .samples 
from  the  l(H)'’f7l.55V  batch  were  .sei  -‘-ted  and  sub.sequently  aged 
open  circuit.  .Similarly  after  1090  hours  at  70°C/155V,  five 
samples  were  aged  with  a  reversed  bias  field,  but  measured  with 
the  original  field  sen.se.  The  results  are  aLso  .shown  on  Figure 
4a,  b  and  c.  Tfic  former  .set  showed  no  change  in  pyro  respon.se 
and  slow  but  complete  de-ageing  of  capacitance.  About  half  the 
loss  increa.se  was  reversed  after  100  hours,  but  there  was  no 
change  after  the  next  5500  hours.  Reversing  the  ageing  field 
had  the  most  dramatic  effect.  In  both  capacitance  and  lo.ss.  it 
appears  as  if  this  reversal  has  started  a  new  ageing  proce.ss  that 
is  both  additive  with  and  similar  to  the  original  proce.ss. 

In  summary,  it  has  been  ob.served  that  elevated 
temperatures  alone  do  not  degrade  the  electrical  properties  and 
that  bias  fields  applied  beh'w  ~,50°C  have  little  effect.  Bias  fields 
applied  in  the  paraelectric  phase  result  in  thermally  activated 
ageing.  The  major  changes  which  occur  do  .so  in  the  dielectric 
loss  and  reversing  the  ageing  field  adds  to  the  original  changes. 

To  assess  the  reasons  for  the  ob.served  changes, 
measuremenis  of  dielectric  consiant/temperature  were  performed 
on  both  imaged  and  aged  specimens.  The  ageing  cau.scd  both  an 
increa.se  in  peak  value  and  a  decrea.se  in  peak  width.  The.sc 
changes  match  those  expected  and  ob.served  for  P.ST  first  order 
transitions  under  a  small  dc  bias  field.  Observations  on 
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Fig.  4.  Relative  changes  in  la)  dielecu’ic  loss  (Aianfi/ianS),  (b) 


capacitance  (AC/C)  ai.d  (c>  pyroelecunc  voltage  re.sponse 

(Apv/pv)  during  ageing  under  bias  at  various 
temperatures  Da.shed  lines  show  the  cumulative  effect 
of  a  .second  ageing  period  with  modified  conditions. 

ferroelectric  hy.steresis  loops  also  .suggest  the  existence  of  an 
internal  bias  field,  produced  by  the  ageing  and  opposing  the 
external  bias.  The  hystere.sis  loop  .shift  .suggests  its  magnitude  is 
about  {).5V/|im.  10%  of  the  external  field.  This  is  consistent 
with  the  observed  zero  bias  dielectric  peak  shift.  A  possible 
cau.se^^  is  the  moving  of  charged  defects,  such  as  oxygen 
vacancies,  through  the  ceramic  grains,  building  up  at  a  blocking 
interface.  The  limited  effectiveness  of  thermal  annealing 
suggests  that  many  of  these  defects  move  into  deep  traps.  The 
ageing  of  70|jm  thick  .samples  gave  a  significantly  lower  ageing 
rate.  This  suggests  that  if  the  underlying  cause  of  ageing  is  the 
motion  and  accumulation  of  charged  defects,  it  is  the  sample 
surface,  not  the  grain  boundaries,  which  provide  the  significant 
blocking  interfaces.  The  behaviour  on  ageing  field  reversal  is 
not  understood. 

This  conclusion  has  been  supported  by  further  studies  on 
PST  doped  with  0.5%  uranium  as  a  B-site  substituent.  In  this 
case  the  uranium,  acts  as  an  electron  donor,  reducing  the  room 
temperature  resi.stivity  to  Kfl^Qm  from  lOl^jjrn  in  undoped 
PST.  No  significant  changes  in  lo.ss  were  seen  after  12  hours 
ageing  at  1(K)°C.  As  uranium  acts  as  an  electron  donor' it 
would  be  expected  to  reduce  the  oxygen  vacancy  concentration 
and  thus  reduce  this  mechanism  as  a  .source  of  ageing.  (This 
maierial  po.s.se.sses  too  low  a  resistivity  for  a  low  noi.se  detector). 
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Device  Evaluation 


PST  has  been  evaluated  as  an  active  material  in  a  variety 
of  devices  including  single  element  detectors,  linear  and  two 
dimensional  arrays.  Figures  5a,  b  and  c  show  the  responsiviiy, 
noise  and  detectivity  (D*)  as  functions  of  field  at  25°C  for  Imm^ 
PST  detectors.  The  Fv  for  PST  at  4V/nm  and  25°C  is 
-O.Obm^C'*  (cf  0.05  for  Mod.PZ)^!.  This  is  reflected  in  their 
similar  responsivities  under  these  conditions.  The  much  higher 
e  of  PST,  however,  gives  very  low  noise  and  a  detectivity  which 
is  40^?  higher.  At  1  mm^  the  PST  element  is  not  ideally  matched 
to  the  amplifier  noise,  and  much  greater  advantage  can  be 
obtained  by  operating  with  smaller  detector  elements.  Figure  6 
shows  the  variation  of  D*  with  element  area  for  single  element 
detectors.  Values  of  up  to  7  x  lO^cmHz  1  can  be  obtained 
at  0.  Imm2. 
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Fig.  5 .  (a)  re.spon.sivity ,  (b)  noise,  and  (c)  detectivity,  measured 
at  lOHz  on  1  x  1mm  PST  single  element  detectors  at 
4V/|im  bias  and  25°C,  when  compared  with  Mod.PZ 
detectors  of  similar  con.struction. 
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Fig. 6.  IX'iecQvily  measured  at  HiHz  as  a  function  ol  element 
area  for  single  element  detectors  using  PST  at 
4V/pm,  25°C. 


This  work  has  hpcen  carried  out  with  the  support  iif  the 
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Abstract 

A  method  lor  simultaneously  lowering  the  sintering  temperature 
and  increasing  the  mechanical  strength  of  barium  titanate  di- 
eleeincs  has  been  developed.  The  method  also  results  in  high 
dielectric  constant.  This  technique  is  useful  in  designing  ceramic 
dielectrics  for  use  in  the  manufacture  of  multilayer  ceramic 
capacitors  for  applications  in  surface  mount  circuit  assemblies. 
The  low  sintering  temperature  makes  it  possible  to  utilize  low 
cost  silver/palladium  electrodes,  and  the  mechanical  strength 
makes  surface  mount  capacitors  less  susceptible  to  damage  due  to 
mechanical  or  thermal  stresses  during  the  assembly  process.  The 
electrical  and  mechanical  properties  of  a  Z5U  dielectnc  devel¬ 
oped  using  this  method  are  discussed  and  compared  to 
commercially  available  7.5U  materials. 


Introduction 

The  demand  for  miniaturized  surface  mount  multilayer  ceramic 
cap.icitors  (Ml.C)  has  impelled  manufacturers  to  develop  ceramic 
materials  that  offer  both  volumetric  .'fficiency  and  mechanical 
robustness.  In  the  US,  the  0805  (0.080  x  0.050  inches)  chip  size 
IS  rapidly  replacing  the  1206  chip  (0.120  x  0.060  inches)  as  the 
most  popular  in  the  industry,  0603  chips  (0.060  x  0.030  inches) 
are  being  widely  used,  and  ()402  chips  (0.040  x  0.020  inches)  are 
now  available.  This  transformation  has  been  made  possible  by 
the  development  of  materials  that  possess  both  high  dielectric 
constant  and  sufficient  mechanical  strength  to  withstand  the  vari¬ 
ous  mechanically  and  thermally  induced  stresses  associated  with 
the  manufacture  ■' .  surface  mount  circuit  assemblies.  The  devel¬ 
opment  of  a  family  of  low-fire  baiium  titanate  materials  that  meet 
the  Electronics  Industries  Association  (EIA)  specifications  for 
Z5U  dielectrics  is  discussed  below. 


Background 

A  key  characteristic  of  an  .MLC  is  the  interleaving  of  the  dielec¬ 
tric  and  electrode  materials,  which  are  co-fired  into  a  monolithic 
structure  as  show  n  in  Figure  1 . 


End  Termination 


Figure  1  Construction  of  an  Multilayer  Ceramic 
Capacitor 


Barium  titanaie  continues  to  be  the  backbone  of  most  ceramic  di¬ 
electrics  used  in  the  manufacture  of  ceramic  capacitors. 
Historically,  two  approaches  have  been  taken  in  modifying  bar¬ 
ium  titanate  to  get  the  right  comb  nation  of  dielectric  and  physical 
properties  for  producing  capacitors.  The  first  approach  is  to  add 
dopants  to  barium  titanate  in  order  to  adjust  its  dielectric  proper¬ 
ties  so  that  they  meet  'he  temperature  coefficient  of  capacitance 
(TC).  dissipation  factor  (DF)  and  insulation  resistance  (IR) 
requirements  set  forth  by  the  EIA.  In  this  case,  palladium  is 
commonly  used  as  the  electrode  material  due  to  the  relatively 
high  sintering  temperature  of  banum  titanate  (t300°C  or 
greater). 

An  alternate  approach  is  to  utilize  additional  additives  to  lower 
the  sintering  temperature  to  less  than  1 150'C  so  that  less  costly 
silver/palladium  alloys  can  be  used  as  electrodes.  This  usually 
results  in  slightly  lower  dielectric  constants  as  compared  to  simi¬ 
lar  high-fire  matenals.  It  will  be  lemonstrated  that  properly 
chosen  sintering  aids  can  also  enhaiice  the  mechanical  strength  of 
the  ceramic.  This  is  an  important  consideration  in  developing  di¬ 
electrics  for  use  in  surface  mount  ceramic  capacitors. 


Experimental 


Two  types  of  sintering  aids  were  studied.  The  first,  a  nen- 
reactive  glass  frit  designated  as  Type  A.  consisted  of  a  g'lss 
former  w  ith  a  melting  point  of  about  450°C.  The  second, 
designated  as  Type  B,  was  a  reactive  glass  frit  with  a  melting 
temperature  of  about  lOOU^C.  The  terms  "reactive”  and  "non- 
reaclive"  are  used  to  describe  the  interaction  of  the  sintering  aid 
with  the  barium  titanate.  A  reactive  frit  is  one  that  is  largely 
incorporated  into  the  barium  titanate  lattice  during  firing, 
whereas  a  non-reactive  frit  remains  for  the  most  part  at  the 
boundaries  of  the  barium  titanate  grains. 

The  sintering  aids  were  milled  along  with  commercial  BaTiOj 
and  various  additives  using  a  Sweco  vibratory  mill.  The  milled 
slurry  was  then  mixed  with  an  aqueous  binder  system  and  cast 
into  green  ceramic  tape.  Green  chips  were  manufactured  from 
the  tape  using  a  process  that  involves  screen  printing  electrode 
patterns  with  .30%  Pd/70%  Ag  ink,  stacking  and  laminating  the 
printed  layers,  and  then  dicing  •‘'e  resultant  pads  into  individual 
chips.  The  green  chips  then  went  through  a  binder  bakeout  pro¬ 
cess  and  were  bisqued  at  approximately  880°C  The  chips  were 
fired  using  a  batch  kiln  in  a  layer  of  zirconia  sand  at  temperatures 
ranging  from  1 1 15°C  to  1 145°C. 

The  capacitance.  DF,  TC,  Curie  temperature,  and  IR  of  the  fired 
chips  were  measured  according  to  the  procedures  outlined  in 
ANSI/EIA  RS-198.  Modulus  of  rupture  (MOR)  was  measured 
using  a  three-point  bend  test  with  a  sample  size  of  40  chips. 


Results  and  Discussion 


Initial  studies  compared  the  effects  of  the  two  types  of  sintering 
aids  on  the  electrical  and  physical  characteristics  of  a  barium 
titanate  dielectric.  A  summary  of  the  properties  of  0805  capaci¬ 
tors  made  using  the  two  types  of  glass  frits  is  given  in  Table  1 . 
and  fractured  cross  sections  of  the  two  samples  are  shown  in 
Figures  2  and  3.  In  both  cases,  36  electrodes  were  used  and  the 
dielectric  thickness  was  approximau'y  13  microns  Other  than 
the  type  of  glass  frit  used,  the  dielectric  formulai  ons  were  identi 
cal. 
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Table  1 .  Summary  of  Electrical  and  Physical  Properties  of  MLC 
made  with  Two  Different  Types  of  Sintering  Aids 


Property 

Typg  A 

Type  B 

Capacitance  (nF) 

DF 

105 

2.5% 

115 

1.7% 

TC  10°C 

85  X 

+  2% 

-  61% 

+  9% 

-  54% 

lR>(n-F)  25°C 

85  X 

10,000 

1,500 

15,000 

3,000 

Dielectric  Constant 

7,000 

7,500 

Breakdown  Voltage  (v/mil) 

600 

1,000 

Curie  Temperature 

lOX 

lOX 

MOR  (MPa) 

170 

490 

Figure  3.  Photomicrograph  of  Fractured  Cross-Section 
of  Dielectric  with  Type  B  Glass  Frit 


It  is  evident  from  the  photomicrographs  of  the  fractured  cross 
sections  that  the  Type  A  non-reactive  glass  frit  resulted  in  a  more 
porous  dielectric  than  obtained  with  the  Type  B  reactive  glass 
frit.  This  porosity  was  responsible  for  the  inferior  breakdown 
strength  and  modulus  of  rupture  of  capacituis  made  with  the 
Type  A  sintering  aid.  Only  minor  differences  were  observed 
between  the  two  samples  in  regard  to  capacitance,  DF,  and  IR. 

The  high  porosity,  low  breikdown  strength,  and  low  modulus  of 
rupture  obtained  when  the  non-reactive  Type  A  frit  was  used  as  a 
sintering  aid  rendered  the  resulting  ceramic  undesirable  for  use  in 
the  manufacture  of  surface  mount  MLC.  The  reactive  glass  frit, 
however,  resulted  in  a  ceramic  with  good  dielectric  properties 
and  excellent  mechanical  strength. 


Further  studies  were  carried  out  using  different  amounts  of  the 
reactive  glass  frit  to  better  understand  its  impact  on  the  properties 
of  the  dielectric.  Table  2  summarizes  the  effect  of  glass  frit  con¬ 
tent  when  the  reactive  frit  (Type  B)  was  used.  Except  for  the 
amount  of  glass  that  was  added,  the  dielectric  formulations  were 
identical.  The  effect  of  glass  content  on  dielectric  constant  as  a 
function  of  tempierature  is  shown  in  Figure  4. 

Table  2.  Summary  of  Electrical  Properties  of  MLC  made 
with  Three  Different  Glass  Frit  Levels 


Prooertv 

4% 

Glass  Content 
5% 

6% 

Cap  (nF) 

DF 

115 

1.6% 

119 

1.6% 

126 

2.1% 

TC  lOX 

85X 

+  2% 
-53% 

-t-  5% 

-54% 

+  12% 
-56% 

IR  (n-F)  25X 
85X 

10,000 

4,000 

11,000 

4,500 

12,000 

5,000 

Dielectric  (25  °C) 
Constant 

7,300 

7,800 

8,200 

Curie  Temperature 

lOX 

5X 

OX 

K  ntnuMiid*) 


TEMPERATURE  (  C) 

— ^  4*  FRIT  #*  FRIT  t%  FRIT 

Figure  4.  Temperature  Coefficient  of  Capacitance  vs  Frit 
Content 

It  is  evident  that  adding  more  glass  lowered  the  Curie  tempera¬ 
ture  of  the  dielectric,  and  increased  the  dielectric  constant  at  the 
Curie  point.  This  phenomenon  is  a  result  of  the  reactive  nature 
of  the  glass  being  used.  When  a  non-reactive  glass  is  used,  the 
opposite  effect  is  observed.  This  is  due  to  the  dilution  effect  of 
the  relatively  low  K  glass  phase  at  the  grain  boundaries  of  the 
higher  K  barium  titanate  grains. 

Using  5%  reactive  glass  resulted  in  dielectric  properties  that  sat¬ 
isfy  the  EIA  Z5U  specifications  (DF  less  than  4%,  TC  of  -56% 
to  +22%  between  10°C  and  S5°C,  and  insulation  resistance 
greater  than  1,(K)0  Q-F  at  25°C). 
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Comparison  of  Proprietary  Z5U  Dielectric  with 
Other  Z51I  Materials 

Table  3  compares  the  properties  of  the  proprietary  Z5U  dielectric 
with  two  barium  titanate  Z5U  dielectrics  available  from 
commercial  sources. 


Table  3.  Comparison  of  Proprietary  Z5U  Dielectric  with 
Commercial  Low-Fire  Z5U  Dielectrics 


Commercial  Dielectrics  Proprietary 


PioKriy 

Z5U-1 

Z5U-2 

Piclwtric 

K  (25‘’C) 

5,000 

8,500 

7,500 

DF 

1% 

2% 

2% 

TC  lO'C 

-11% 

-3% 

+  9% 

85  ■^C 

-51% 

-48% 

-54% 

IR  25X 

10,000 

15,000 

15,000 

(fl-F)  85“C 

3,000 

3,000 

3,000 

Breakdown 

Voltage 

(V/mil) 

800 

800 

1,000 

MOR  (MPa) 

170 

180 

400 

1206  Size 
Chips 

The  commercial  Z5U  products  are  typical  of  Z5U  materials  on 
the  market.  The  outstanding  characteristics  of  the  proprietary 
Z5U  dielectric  are  its  unusually  high  mechanical  strength,  as 
characterized  by  its  modulus  of  rupture  (>400  MPa  for  a  1206 
size  chip),  and  high  dielectric  strength  (>  1,{X)0  volts/mil).  These 
properties  are  especially  significant  in  light  of  it's  relatively  large 
grains  (3-5  microns).  The  modulus  of  rupture  is  higher  than  that 
of  most  X7R  dielectrics,  which  range  from  200  MPa  to  400 
MPa.  These  characteristics  make  it  an  ideal  material  for  manu¬ 
facturing  surface  mount  ceramic  capacitors. 


Summary 

A  high  K,  low-fire  Z5U  barium  titanate  dielectric  with  excellent 
mechanical  strength  has  been  developed.  A  reactive  glass  frit 
was  used  to  lower  the  sintering  temperature  to  below  1 150°C 
without  compromising  the  dielectric  constant.  The  mechanical 
strength  of  this  dielectric  is  equivalent  or  superior  to  that  of  most 
X7R  dielectrics.  This,  combined  with  its  high  breakdown 
strength,  make  it  an  ideal  material  for  the  manufacture  of  surface 
mount  multilayer  ceramic  capacitors. 
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Abstract 

Sodium  doped  Strontluir  Barlurr  Nlobate 
ceramic,,  with  tetragonal  tungsten  bronze 
structure  were  prepared  by  the  powder 
nietallurglcal  technique.  The  effect  of 
various  dopants  on  the  properties  of  SBN 
ceramics  have  been  investigated.  Relaxor 
characteristics  have  been  studied.  The 
dielectric  loss  Is  very  low  In  all  the 
compositions.  Curie  temperature  increases 
slightly  and  the  dielectric  constant 
decreases  v/ith  increasing  frequency.  The 
dielectric  constant  vs  teirperature  curves 
Indicate  a  broad  maximum  which  Is  a 
characteristic  of  diffuse  phase  transition. 

Introduction 

Strontium  Barium,  Nlobate  (Sr 

X 

Ba ,  Nb-O-)  is  ferroelectric  solid  solution 

1  -X  2  6 

with  tetragonal  tungsten  bronze  structure 
(1,2).  It  has  a  high  electro-optic 
coeffiecient  and  high  pyroelectric 
coeffieclent  (3,4).  Piezoelectric  and  SAW 
properties  of  these  materials  have  been 
extensively  studied  by  various  researchers 
(S)  in  single  crystal  form,.  The  tungsten 
bronze  structure  ferroelectric!  are  a  large 
class  of  technically  Important  materials. 
In  miany  of  these  materials  diffuse  phase 
transition  has  been  reported.  The 
Important  characteristics  of  tetragcnal 
tungsten  bronze  f  er  reel  ect  ri  cs  are:-they 
exhibit  excessively  large  values  of 
permittivity  compared  to  those  predicted  by 
Lyddane  Sachs  Teller  rela  1 1  on  ;  tfiey  do  not 
confirm  to  the  usual  soft  phonon  r.,echanlsm; 
they  are  associated  with  lattice 
Instabilities  evidenced  by  the  large  Raman 
cross  sections  observed  for  one  or  tuore  of 
the  low  frequency  lattice  modes. 

Although  there  is  a  vast  literature  on 
ferroelectric  properties  of  single  crystals 
of  SBN,  work  on  ceramics  Is  meagre.  This 
is  because  it  Is  difficult  to  obtain  high 
density  ceramics  of  this  material  useful 
for  device  application.  In  pure  SBN  (6) 
1  of  the  order  of  S4  C  by  doping  with 

alkali  elements  Is  greatly  Increased. 

Hence,  in  this  work  by  doping  with  suitable 

cations  we  have  tried  to  enhance  and 

decrease  the  dielectric  loss.  When  the 
interstitial  vacancies  are  filled  partially 
or  fully  with  alkali  elements  is  raised. 

The  purpose  in  introducing  Na  Is  to 
Increase  the  density  and  raise  T^.  Role  of 

sodium  in  sintering  process  is  to  cause  A 
position  vacancies  because  it  is  volatile. 
Volatility  of  Na  causes  A  position 
vacancies.  It  Is  well  known  that  these 
vacancies  aid  sintering  by  diffusion 
process.  Also,  by  filling  the  structure 


with  Na  Ions,  there  Is  an  Improvement  In 
ferrolectrlc  properties  as  reflected  by  an 
Increase  in  .  The  effect  of  different 

cations  such  as  Na,  Fe  and  Mg  cn  the  lattice 

paranieters  and  f  ei  i  oel  ect  ri  c  prop>ettles  of 
Sr  Ba  Nbj  Og  ceramics  have  beer,  reported  In 

this  communication. 


Experimental 

Solid  solutions  of  the  follcv/lng 
compositions  were  prepared  by  the 
conventional  ceramic  technique. 


^""x  ^"l-x^O.8  '"^0.4  “*=2^6 


where  x  =  0.3  to  0.6 


<""0.6®^0.4^0.e  «y  ''^0.4  '''^2°6 

where  R  =  F  e ,  Mg ,  C  r , 
Mn ,  1,1  ,  Ni  ,  Zn  ,  Y  &  Ca 


High  purity  reagent  grade  oxides  of  the 
constituent  materials,  weighed  according  to 
their  St  ol  chi  oti'et  ri  c  proportions  were  dry 
ground  into  fine  powder  and  calcined  in 
platinum  crucibles  and  pressed  into  dlsas. 
The  firing  temperatures  are  the  same 
repotted  earlier  (6,7).  X-ray  diffraction 
patterns  of  all  the  compositions  were 
obtained  on  a  Reich-Seifert .  FRG ,  X-ray 
dl  f  f  ract  on'Ct  er  using  Cu  radiation  with  Nl 
filter.  The  lattice  parameters  were 
computed  using  a  computer  programrie  by  the 
least  squares  fitting  (LSO)  procedure  of  the 
high  -  angle  X-ray  diffraction  lines.  The 
dielectric  dispersion  v.as  measured  with  a 
Hewlett-Packard  LF  Impedance  analyser  m,odel 
4192A  with  16095A  as  probe  fixture.  The 
dielectric  constant  was  studied  at  different 
frequencies  viz.  IKHz,  lOOKHz,  500KHz  and 
IMHz.  The  dielectric  loss  factor  was  also 
measuied  In  the  temperature  range  30-400°C. 

Results  and  Discussion 

Dielectric  Studies: 

The  variation  of  dielectric  constant 
with  temperature  for  different  compositions 
cure  shewn  in  figures  (1-3).  A  broad 
transition  is  observed  in  all  the 
compositions  which  is  a  characteristic  of 
diffuse  phase  transition.  The  broadness 
decreases  gradually  with  the  increase  of  Sr 
content.  The  dielectric  loss  (E'*)  decreases 
with  Increase  of  Sr  content  and  attains  a 
nilrilnum  vales  of  0.009  for  Sr  =  0.6 

composition.  The  dielectric  data  Is 
presented  in  the  Table.  As  Sr  content 
increases  T  decreases  from,  353°C  to  230°C 
while  the  cftelectric.  constant  increases  to 
nearly  five  times  of  Its  value.  As  Sr/Ba 
ratio  changes  gradually,  the  room 
temperature  dielectric  constant  Increases 
from  163  to  595  and  peak  dielectric  constant 
Increases  from,  239  to  3360  with  Na  held 
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Fig.  1:  Dielectric  constant  plotted 

against  temperature  for  Sr/Ba  ratio 
variation  compositions. 


Fig.  2.  Variation  of  dielectric  constant 
with  temperature  for  SBN  -  Na  ceramics  at 
IKHz. 

constant.  It  is  evident  from  Fig.  1  that 
the  peak  becomes  more  sharper  as  Sr  content 
Increases.  The  ferroelectric  transition 
temperature  is  considerably  lowered  with  the 
introduction  of  different  valency  cations. 
Curie  temperature  decreases  from  245  C  to 
145”c  with  the  Increase  of  the  ionic  radl0us 
of  the  additives.  But  in  Li  composition 
T  rises  to  245°c  and  the  dielectric 


Fig.  3:  Plot  of  dielectric  constant  Vs 
temperature  for  SBN  -  Ns  ceramics  at  1  KHs. 

constants  are  relatively  low.  Th£ 

substituted  ionic  sizes  and  the  site 
occupancy  play  an  Important  role  1^ 
determining  the  dielectric  co|istant.  Ha 
occupies  A.,  sites  and  Li  enters  the 

smaller  C  site.  Moreover,  Li  composition  is 
a  filled  structure  and  the  others  arc 
unfilled  structures.  The  dielectric  loss  Is 
very  low  for  Ca ,  Na ,  Fe  and  Mg  doped 
compositions.  Maximum  loss  was  observed  In 
Vh  composition.  Changes  In  temperature 
should  be  related  with  some  dls/(order  In  the 
Sr  and.^a  relations,  because  It  Is  possible 
for  Fe'’  to  enter  Into  B  -  sites  and  A  sites 
In  some  particular  conditions  as  per  the 
Hennings  (8)  report.  The  EPR  .^spectrum 
Indicates  that  Iron  enters  as  Fe^  In  B  - 
sites.  In  Jimenez's  (9)  work  on  SBN 
ceramics  a  large  dgcrc-ase  In  curie 
tem.perature  of  nearly  50  u  was  reported  iriren 
doped  with  Fe,  Mn ,  Cr  and  La. 

Relaxor  characteristics: 

In  the  tungsten  bronze  structure 
ferroelectric  ordering  studies  have  shown 
that  compositional  heterogeneity  leading  to 


Fig.  4:  Temperature  dependence  of  the 
dielectric  constant  and  Tan  A  at  different 
frequencies  for  SBN  -  No  composition. 


Fig.  5  Temperature  dependence  of 

the  dielectric  constant  and  Tan  at 
different  frequencies  for  Fe  doped  sample. 

a  breakdown  of  translational  symmetry  is 
responsible  for  relaxor  character.  The 
termprature  dependence  of  dielectric  constant 
for  Na ,  Fe,  Mg  doped  compositions  at 
different  frequencies  are  shown  In  figures 
(A.J6).  The  results  are  shown  In  the  Table. 
The  peak  dielectric  constant  decreases  with 
the  Increase  of  frequency  as  well  as  Sr/Ba 
ratio.  The  frequency  dependence  of  the 
dielectric  constant  curves  are  all  similar 
le;  alR'Ost  all  the  curves  are  close  to  each 
other.  But  for  Sr  =  0.5  composition  the 

response  Is  quite  different.  There  is  a 
large  difference  In  the  peak  dielectric 
constants  spread  ever  a  vide  temperature 
range.  The  site  occupancy  and  the 
distribution  of  equal  number  of  Sr  and  Ba 
ions  may  be  the  reason  for  this  difference  of 
behaviour.  Increase  in  frequency  broadens 
the  dielectric  curve. 

The  common  feature  of  all  the  relaxor 
materials  is  that  one  or  more  of  the 
available  cation  sites  In  occupied  by  more 
than  one  kind  of  Ion.  In  ferroelectric 
relaxors,  the  dielectric  properties  within 
the  transition  region  become  strongly 
dispersive  at  low  radio  frequency  le;  1  KHz 
to  1  MHz.  The  characteristic  behaviour  of 
ferroelectric  relaxors  Is  the  strong 
frequency  dependence  of  the  dielectric 
proiierties  in  the  high  frequency  range. 
Increasing  the  frequency  shifts  the 
dielectric  constant  peak  to  a  higher 
temperature.  The  dielectric  loss  curves 
decreases  slightly  In  the  beginning  and 
increases  to  peak  maximum  and  again  decreases 
slowly  with  increase  of  temperature.  The 
dielectric  loss  peak  Is  shifted  to  higher 
temperatures  with  Increase  of  frequency.  But 
in  certain  compositions  Mg  and  Ca  the  loss 
peak  was  not  observed  upto  300  C  and  the 
curve  is  In  Increasing  trend.  Probably  the 
dielectric  loss  peak  may  be  In  still  higher 
temperatures.  Smolenskll  (10)  and  Cross  (11) 
have  also  observed  the  similar  diffuse  phase 
transitions  in  PIM  and  PST. 


Fig.  6:  Temperature  dependence  of 

dielectric  con.ctant  and  dielectric  loss 
at  different 

frequencies  for  Mg  doped  composition. 
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TABLE 


Frequency  dependence  of  dielectric  data  of  irodlfled  SBN  cerairlcs 


®Tc  "Tc 


Sampl e 

Ionic 

Radii 

E" 

IKHz 

lOOK 

500K 

IMHz 

IKHz 

lOOK 

500K 

IMHz 

1  IK 

lOOK 

500K 

lK)Hz 

0.3/0. 7 

- 

.168 

163 

237 

209 

201 

239 

769 

748 

740 

353 

355 

355 

355 

.4/. 6 

— 

.015 

353 

192 

191 

190 

1932 

1175 

1144 

1113 

310 

290 

290 

290 

.5/.  5 

- 

.270 

575 

202 

133 

113 

2000 

1495 

1173 

650 

290 

297 

302 

330 

.6/. 4 

- 

.009 

595 

355 

353 

336 

3360 

2667 

2613 

2587 

230 

244 

244 

244 

Cr-SBNNa 

.52 

.037 

398 

143 

140 

139 

841 

605 

584 

574 

222 

225 

225 

225 

Mn 

.60 

.403 

711 

345 

307 

294 

2367 

1574 

846 

675 

242 

245 

280 

245 

Fe 

.64 

.026 

998 

302 

293 

289 

3440 

1403 

1368 

1353 

205 

200 

200 

205 

Mg 

.66 

.014 

645 

255 

253 

251 

3787 

1282 

1217 

1199 

202 

195 

195 

195 

LI 

.68 

.042 

719 

191 

189 

188 

1190 

855 

841 

836 

245 
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N1 
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3213 
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Zn 
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111 
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Y 
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98 

92 

85 
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Absract 

Dielectric,  pyroelectric  and  piezoelectric  pro¬ 
perties  in  the  (l-x-y)PMN-xPT-yBT  solid  solution 
series  have  been  investigated.  About  85%  of  the 
theoretical  density  was  achieved  for  pellets  sinter¬ 
ed  at  1250^  for  2  hr.  The  dielectric  constant  «ind 
pyroelectric  coefficient  increased  with  increasing 
grain  size  of  the  samples  at  various  con^sitions. 
Further  addition  of  BaTi03  affects  the  electrical 
properties  of  PMN-PT  and  the  phase  transition  tem¬ 
perature  is  continuously  shifted  to  lower  tempera¬ 
ture  with  increase  of  a  small  amount  of  BaT103. 


Introduction 

The  dielectric,  pyroelectric  and  piezoelectric 
properties  of  Ih(Mgi/3Nb2/3)03-PbTi03(PMN-PT)syatem 
have  been  widely  studied  in  both  single  crystal  and 
solid  solution  fonnsl*2.  PMN-PT  solid  solutions  ex¬ 
hibit  a  range  of  relaxor  ferroelectric  properties 
dependent  on  composition.  At  about  35  molX  PT  the 
PMN-PT  phase  diagram  e^diibits  a  morfhotropic  phase 
boundary  (MPB).  PMN-PT  compositions  near  the  MPS 
are  both  of  technical  and  scientific  interest  since 
anomalously  high  electrostrictive  coefficients  are 
known  to  exist  in  such  compositions3 . 

Present  study  was  carried  out  with  the  system 
xPb(Mgi/3Nb2/3)03-yIhTi0j-zBaTi03  (x+y+z=l)to  obt¬ 
ain  a  lower  Curie  temperature  and  hi^ier  dielectric 
properties  at  room  tanperature. 

Experimental  procedure 

Ceramic  samples  were  prepared  by  conventional 
sintering  technique.^  Reagent  grade  oxide  powders 
PbC03,  BaC03,  Ti02,  NbJOS  and  with  purity  bet¬ 
ter  than  99%  were  used  as  starting  materials.  The 
calcined  powders  were  mixed  with  a  binder  (3Xwt,PVA) 
using  the  mortor.  Pellets  which  are  lOmm  in  diame¬ 
ter  and  0.5nin  thick  were  pressed  at  700  kg/cm2.  The 
binder  burned  out  by  heating  process  at  500*C.  The 
pellets  were  sintered  at  various  tenqjeratures  i.e., 
1100,  1150,  1200  and  1250*C  for  2hr.  The  pellet 
were  placed  on  platinum  foil  in  an  enclosed  alimina 
crucible.  The  sintering  was  done  in  a  lead  rich  at¬ 
mosphere  by  placing  a  small  amount  of  an  equlroolec- 
ular  mixture  in  the  same  crucible.  A  heating  rate 
of  300®C/hr  was  to  further  avoid  PbO  loss. 

The  grain  size  was  determined  of  fracture  sur¬ 
faces  of  the  pellets  using  scanning  electron  micro¬ 
scopy  (SEM).  Height  loss  and  apparent  density  were 
measur^  for  all  the  samples  sintered  at  various  te- 
nperatures  by  using  Archimedes'  water  displacement 
method. 

Dielectric  measurements  were  measured  of  O.l-UX) 
kHz  at  the  temperature  rate  of  A  C/mln,  with  a  nwl- 
ti-firequency  LCR  meter.  Pyroelectric  measurements 


were  measured  by  the  static  Byer-Roundy  method^eis  the 
samples  were  heated,  again  at  a  rate  of  A“C/min.  Pri¬ 
or  to  the  dielectric,  pyroelectric  and  piezoelectric 
measurements,  the  samples  were  poled  by  appling  a  DC 
field  of  about  15  kV/cm.  The  electromechanical  cou¬ 
pling  factor  of  the  samples  were  measured  at  room  te¬ 
mperature  by  using  resonance-antlresonance  method^. 


Results  and  discussion 


Sintering  and  grain  size 

Figure  1  shows  the  dielectric  constant  and  pyro¬ 
electric  coefficient  of  0.65IW-0.30PT-0.05BT  ceram¬ 
ics  at  various  sintering  temperatures.  The  effect  of 
sintering  temperature  on  the  dielectric  and  pyroelec¬ 
tric  properties  was  pronounced  and  cosistent  over  the 
entire  set  of  compositions  investigated.  An  increase 
in  sintering  temperature  resulted  in  an  increase  in 
maxiimm  dielectric  and  pyroelectric  coefficient.  The 
effect  of  sintering  tenperature  was  most  pronounced 
for  the  0.65H1N-0.30PT-0.05BT  ceramics  which  nwyiimm 
dielectric  constant  increased  from  31CX)  to  5000  and 
6100  as  the  sintering  temperature  was  increased  from 
1150  to  1200  and  1250*C. 

Scanning  electron  micrographs  of  the  fracture  su¬ 
rface  of  the  composition  0.65PMN'0.3CFr-0.05BT  sinter¬ 
ed  at  various  temperatures  are  shown  in  Figure  2  and 
show  increasing  grain  size  with  increasing  sintering 
tenperature.  The  sample  sintered  at  llOO^C  showed 
smaller  grain  size  ( < 1 . 5  ^ )  where  as  large  grain  si¬ 
zes  of  about  5-7^  were  observed  for  the  sanples  sin¬ 
tered  at  1250®C  as  shown  in  Figure  2.  It  is  clearly 
evident  from  the  Figure  1,  that  dielectric  constant 
and  pyroelectric  coefficient  increase  with  increasing 
grain  size. 


Dielectric  properties 

Figure  3  shows  the  tenperature  dependencies  of 
dielectric  constant  and  dissipation  factor  at  various 
frequencies  (0.1  -  100  kHz)  for  conposltion  0.60PMN- 
0.35PT-0.05BT.  The  composition  showed  a  broad  maxima 
of  dielectric  constant  and  an  increase  in  transiti(xi 
temperature  with  increasing  frequency,  characteristic 
of  relaxor  ferroelectrics.  Correspcmding  frequency  di¬ 
spersion  of  the  dissipation  factor  was  also  observed. 

The  temperature  dependence  of  dielectric  ccxistant 
(at  1  kHz)  for  a  ragne  of  compositions  are  shown  in 
Figures  A  and  5.  The  variaticwi  of  transition  tenper¬ 
ature  with  conposltion  is  shown  in  Figure  6.  The  tr¬ 
ansition  temperature  decreases  almost  linearly  with 
the  addition  of  BaTi03,  their  rates  of  decrease  are 
about  S-lO'C/molX. 


Pyroelectric  and  piezoelectric  properties 

Figures  7  and  8  show  the  tenperature  dependence 
of  pyroelectric  coefficient  for  the  compositions  0.60 
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DIELECTRIC  CONSTANKxW^ 


0.65PMN-0.30PT-0.05BT 
SINT.TEMP.  1100OC/2h 


SINT.TEMP.  1200OC/2h 


SINT.TEMP.  1250OC/2h 


Figure  2.  SEM  micrographs  of  the  fracture  surface  of  the  composition  of  0.65PMN-0.30PT-0.05BT  at  various 
sintering  temperature. 
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Figure  3.  Temperature  dependence  of  dielectric  cons¬ 
tant  and  dissipation  factor  at  various  frequencies 
for  0.60PMN-0.35PT-0.05BT  system. 


0.60PMN-(0.40-x)PT-xBT 


Figure  4.  Dielectric  constant  vs.  temperature  in  the 
0.60WlN-(0.40-x)PT-xBT  system. 


Figure  6.  Variation  of  the  transition  temperature  as 
a  function  of  the  mole  fraction  of  BaTi03 


Figure  7.  Pyroelectric  coefficient  vs.  temperature 
in  the  0.60FMN-(0.40-x)PT-xBT  system. 


TEMPERATURE(»C) 


Figure  5.  Dielectric  constant  vs.  temperature  in  the 
0.65PMN-(0.35-x)PT-ifflr  system 


PMN-(0.40-x)PT-xBT  and  0.65PMN-(0.35-x)PT-xBT,  res¬ 
pectively.  The  peak  temperature  of  pyroelectric  coe¬ 
fficient  with  compositions  mi^t  be  similar  to  that 
observed  in  dielectric  constant  vs.  temperature  stu¬ 


Flgure  8.  Pyroelectric  coefficient  vs.  temperature 
in  the  0.65PMN-(0.35-x  )PT-xBT  system. 


dies.  In  each  series  the  maximum  pyroeletric  coeffi¬ 
cient  is  observed  for  the  compositions  0.60FMN-0.35PT 
-0.05BT  and  0.65PMN-0.30PT-0.05BT,  respectively.  The 
addition  of  BaTi03  affects  the  dielectric  and  pyroel- 
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ectric  prc)|)erties  of  [’MN-fl'  and  the  phase  transition 
temperature  is  continuously  shifted  to  lower  tempera¬ 
ture  with  increase  of  an  amount  of  BaTi03.  But  the 
magnitude  of  the  maximum  pyroelectric  coefficient  de¬ 
creases  with  increasing  BaTiO  )  us  shown  in  Figures  7 
and  8. 

Figure  9  shows  the  room  temperature  value  of  ele- 
ctronvechanical  coupling  factor(kp)  of  the  composition 
( l-x-y)PMN-xPT-yBT  series  as  a  function  of  mole  frac¬ 
tion  of  BaTiO'}.  In  each  series  the  maximum  electro¬ 
mechanical  coupling  factor  is  obtained  near  the  maxi¬ 
mum  dielectric  and  pyroelectric  coefficient. 
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(3)  S.W.Choi,  T.R.Shrout,  S.J.Jang  and  A.S.Kialla, 
"Morphotropic  Phase  Boundary  in  Pb(Mgf/3  Nb2/3  )C5  -Pb 
Ti03System,"  Materials  Letters,  vol.8,  pp.253-255, 
July  1909. 

(4)  T.iatmaka,  Y.Scdb  arl  K.Sakada,  "ftiZrC^-fiaaBd  Piezoelect¬ 
ric  Ceramics  Containing  PbCZn^^ 5O3"  Trans. Inst. 
Electron.  Ceram.  Eng,  Japan  vol.E69,  pp . 46^-470 ,1986. 

(5)  R.L.Byer  and  C.B.Rourxly,  "Pyroelectric  Coeffici¬ 
ent  Direct  Measurement  Technique  arxl  Application  to 

a  NSEC  Response  Time  Detector."  Ferroelectrics,  vol.3, 
pp. 333-338,  1972. 

(6)  IRE  Standands  on  Piezoelectric  Crystal:  Measure¬ 
ment  of  Piezoelectric  Ceramics,  Proc.  1961,"  IREClnst. 
Radio  Engrs.)  vol.  49(7),  pp. 1161-1169 ,  1961. 


Figure  9.  Electromechanical  coupling  factor  as  a  fun¬ 
ction  of  mole  fraction  of  BT  at  the  room  temperature. 


Conclusions 


About  85%  of  the  theoretical  density  was  achieved  for 
pellets  sintered  at  1250^  for  2hr.  An  increase  in 
sintering  temperature  resulted  in  an  increase  in  grain 
size.  The  dielectric  constant  and  pyroelectric  coef¬ 
ficient  increased  with  increasing  grain  size  of  the 
samples  sintered  at  various  temperatures.  The  addit¬ 
ion  of  BaTiO 3  to  the  PMN-PT  system  resulted  in  the  re¬ 
duced  dielectric  constant  and  the  phase  transition  te¬ 
mperature  decreases  almost  linearly  with  the  addition 
of  BaTi03  without  significantly  changing  the  dielect¬ 
ric  and  pyroelectric  behavior.  The  maximum  electrom¬ 
echanical  coupling  factor  occurs  in  the  compositions 
0.60PMN-0.35PT-0.05BT(0.4). 
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Abstract 

The  switching  behaviour  of  thin  Lead  Zirconate  Titanate  (PZT) 
thin  films  prepared  by  different  spin-coating  techniques  was 
investigated.  Some  films  show  switching  times  as  short  as  360 
ps,  others  show  a  wide  time  distribution.  These  results  can  be 
explained  in  terms  of  the  morphology  of  the  films,  and  sugges¬ 
tions  are  given  for  the  possible  domain  structure  and  switching 
mechanisms  involved. 

To  obtain  the  necessary  sub-nanosecond  experimental  resolu¬ 
tion.  both  the  rise  time  of  the  switching  pulse  and  the  current 
limiting  effect  of  the  LRC  network  have  to  meet  high  specifica¬ 
tions.  How  this  was  done  is  described  in  some  detail. 

Introduction 

The  application  of  ferroelectric  thin  films  in  non-volatile 
ferroelectric  random  access  memories  (PER AMs)  is  based  on 
their  reversable  remanent  electric  polarization.  The  reversal  of 
the  polarization  can  be  carried  out  by  applying  a  voltage  pulse 
of  proper  polarity  and  amplitude  across  the  ferroelectric  film,  sit¬ 
uated  between  two  electrodes  (in  a  capacitor  geometry).  The 
switching  of  the  ferroelectric  capacitor  has  to  fulfil  a  number  of 
requirements.  The  pulse  voltages  should  be  compatible  with 
VLSI  voltages  which  at  the  moment  are  5  V  but  dropping 
towards  3  V  in  the  near  future.  A  switching  polarization  larger 
than  to  fC/pm2  (ipC/cm^)  is  needed  for  reliable  detection  and 
this  level  has  to  be  reached  within  a  short  time  (<  10  ns).  The 
number  of  allowed  reversal  operations  has  to  be  large  (10'“*- 
10'®)  and  the  stability  of  the  poled  layers  has  to  be  very  good 
(10  years  without  applied  voltage). 

It  is  clear  from  the  above  mentioned  requirements  that  the 
switching  process  in  ferroelectric  thin  films  is  of  critical  impor¬ 
tance  for  FERAM  applications.  It  is  related  to  material  proper¬ 
ties  such  as  composition  and  morphology  of  the  ferroelectric 
film  and  of  the  electrodes  as  well.  It  depends  on  the  tempera¬ 
ture  and  on  switching  parameters  such  as  pulse  amplitude  and 
pulse  duration.  These  topics  needs  to  be  investigated  and 
understood.  So  far  studies  of  switching  have  mainly  been  appli¬ 
cation  motivated  although  the  area  is  of  basic  scientific  interest 
as  well. 

Early  studies  of  switching  in  single  crystal  layers  of 
BaTiOj,  having  thicknesses  (d)  of  the  order  of  0.1  mm,  demon¬ 
strated  values  of  the  switching  time  t^  ranging  from  approxi¬ 
mately  1 0  nanoseconds  to  minutes,  depending  on  the  electrical 
(switching)  field  (E)  [1-3].  Investigations  of  the  dependence  of 
switching  time  on  the  thickness  gave  some  conflicting  results 
showing  both  a  linear  dependence  [1]  and  an  independence  on 
the  thickness  in  the  high  field  range  [3].  The  lower  limit  of  the 
high  field  range  was  of  the  order  1-10  kV/cm,  depending  on  the 
thickness. 

The  linear  dependence  found  by  Merz  [1]  was  ascribed  to 
domain  walls  propagating  across  the  film  with  a  field  dependent 
speed  Vj  (  =  pE).  If  the  nucleation  rate  is  very  high,  the  switch¬ 
ing  speed  is  only  determined  by  v^  giving  t^  =  d/v^.  If  fhese 
results  (m  -=  2.4  1 0“^  m^/Vs)  are  supposed  valid  for  a  submicron 
thick  film,  e  g.  d  =  0.5  pm,  one  finds  t^  =  0.14  ns  at  E  =  150 
kV/cm. 


Results  by  Stabler  [2.3]  demonstrated  the  possibility  that 
the  switching  time  does  not  depend  on  the  sample  thickness 
but  only  on  the  electric  field,  tg  =  9  E  ’  '  (E  m  kV  cm,  tg  in 

ps)  In  some  cases  it  was  found  that  d/tg  was  larger  than  the 
speed  of  an  elastic  wave.  This  observation  together  with  the 
independence  on  sample  thickness  led  to  a  suggestion  that  the 
reversal  of  polarization  is  caused  by  a  simultaneous  reversal  in 
all  the  cells  rather  than  it  is  related  to  domain  wall  movements 
In  this  case  the  switching  time  at  a  field  of  1 50  kV/cm  would  be 
in  the  range  5-13  ns.  independent  on  the  film  thickness 
Investigations  of  single  crystals  of  PbTiOj  (PT)  [4] 
showed  at  high  fields  a  linear  relationship  between  1  ,'tg  and  the 
applied  field  m  samples  with  a  high  concentration  of  domains. 
The  mobilities  (p  =d/tgE)  were  found  to  vary  from  2  10  ^  to 
3.7-10*  m^/Vs  For  a  0.4  pm  film  and  a  field  of  150  kV/cm  this 
would  correspond  to  switching  times  in  the  range  from  100  ns 
down  to  5  ns.  For  samples  with  a  low  concentration  of  domains 
the  lateral  motion  of  domain  boundaries  were  determined.  A  lin¬ 
ear  dependence  on  the  electric  field  was  also  found  in  this  case 
with  mobilities  ranging  from  10  ®  to  10  ^  m^/Vs 

More  recent  work  on  the  kinetics  of  switching  has  been 
carried  out  on  submicron  polycrystalline  films  of  KNO3  [5]  and 
PbZr^Ti,.,03  (PZT)  [6-9].  The  swifching  results  by  Scott  et  al. 
on  polycrystalline  sub-micron  thick  PZT  (x=0.54)  films  [6.7] 
were  interprefed  with  a  two-dimensional  domain  grovdh  kinetics 
and  a  switching  time  satisfying  an  activation  field  dependence. 
The  films  were  prepared  by  sputtering  and  the  reported  switch¬ 
ing  times  were  in  the  range  of  10-100  ns  [6].  Recent  experi¬ 
ments  by  different  groups  on  sol-gel  prepared  sub-micron  PZT 
films  of  similar  composition  (x=0.52-0.53)  showed  much  smaller 
switching  times  [8.9].  It  was  found  that  the  switching  time 
decreased  with  the  capacitor  area  down  to  a  limiting  value 
which  was  determined  by  the  response  time  of  the  experimental 
set-up.  In  both  cases  this  value  was  of  the  order  of  2  ns. 
Consequently,  the  intrinsic  switching  time  in  PZT  for  these  sol- 
gel  films  musf  be  smaller  than  2  ns. 

In  this  paper  an  analysis  of  the  conditions  necessary  to 
perform  switching  measurements  in  the  sub-nanosecond  range 
will  be  given  together  with  a  description  of  the  test  set-up  on 
which  measurements  were  carried  out  on  different  samples. 

The  results  will  be  discussed  on  the  basis  of  possible  domain 
structures  and  switching  models. 

Experimental  Details 
Conditions  for  fast  switching 

Figure  1  shows  the  schematic  lay-out  of  the  electrical 
circuit  for  switching  measurements  in  the  nanosecond  range. 
The  three  main  elements  are  the  pulse  generator,  the  probing 
circuit  and  the  signal  analyzer  which  are  connected  with  coaxial 
transmission  lines.  In  the  insert  two  configurations  of  the  probing 
circuit  are  shown.  In  circuit  (a)  [8]  the  resistor  R,  (=Zo)  serves 
as  impedance  match  to  the  transmission  line  coming  from  the 
pulse  generator.  This  ensures  that  reflection  from  the  probe  cir¬ 
cuit  back  towards  the  generator  only  occurs  during  times  where 
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Fig  1  Schematic  lay-out  of  the  circuit  tor  fast  pulse  switching  measurements 
The  inset  shows  two  configurations  of  the  probe  circuit 

the  ferroelectric  capacitor  (Cpg)  is  being  charged  or  discharged. 
Such  reflection  can  be  mininnalized  by  maximizing  the  imped¬ 
ance  consisting  of  Cpg  and  R,  i.e.  by  making  Cpp  as  small  as 
possible.  The  output  signal  (Out)  is  being  transmitted  into  a 
impedance  matched  transmission  line  and  signal  analyser. 
Therefore  there  will  be  no  reflection  back  to  the  probing  circuit. 
The  effective  load  resistance  R'  is  the  parallel  impedance  of  R 
and  Zq,  where  Zq  (=  50ii)  is  the  impedance  of  the  transmission 
line/signal  analyzer.  Turning  to  circuit  (b)  [9],  this  is  the  same  as 
circuit  (a)  but  without  the  matching  resistor  R,.  Consequently, 
since  there  will  never  be  an  impedance  match  there  will  always 
be  reflection  towards  the  signal  generator,  i.e  also  when  the 
charge  on  Cpg  is  constant. 

The  relative  advantages  and  disadvantages  of  the  two 
probe  circuits  depend  on  factors  such  as  the  time  scale  of  the 
switching  experiments,  the  desired  pulse  amplitudes  and  the 
sensitivity  of  the  signal  generator  to  reflected  power.  The  instru¬ 
mental  time  resolution  r,,  is  given  by  the  pulse  risetime,  and 
the  bandwidth  of  the  analysing  system,  tg,  according  to: 

T,  =  v(Tf2  +  Tg^).  (1) 

Our  standard  equipment  (HP  8161  pulse  generators,  a  sum¬ 
ming  pulse  amplifier,  Tektronix  602  digitizing  signal  analyser) 
yields  a  smallest  time  resolution  of  t,  =  2  ns  [8], 

A  simplified  equivalent  scheme  for  the  probe  circuits  is 
shown  in  Fig.  2a.  Here  Rg  is  the  impedance  of  the  pulse  gener¬ 


ator  and  L  IS  the  circuit  inductance  The  ferroelectric  thm  film 
capacitor  can  be  considered  as  composed  of  a  strongly  non-lm- 
ear  switching  capacitor  Cr-  (having  square  hysteresis  loop) 
parallel  with  a  (non-switchuig)  dielectric  capacitor  In  addi¬ 
tion  there  will  always  be  some  parasitic  capacitance  Cp  This 
results  in  the  equivalent  diagram  of  the  ferroelectric  capacitor 
shown  in  Fig  ?*j. 

The  diac  ram  of  Fic  2a  is  m  fact  a  senes  LRC  circuit  but 
with  an  non-lirear  capacitor  It  allows  tor  an  estimation  of  the 
minimum  charging  time  when  the  switched  polarization  charge. 
aQ.  is  replaced  by  a  corresponding  capacitance 

C^=  AQ.  Vp  (2) 

Here  aQ  =AP"Apg,  where  aP  is  the  polarization  change  for  an 
applied  pulse  of  amplitude  Vp  and  Ap^  is  the  area  of  the  ferro¬ 
electric  capacitor  The  inductance  L  of  our  test  circuit  with  test 
probes  is  in  the  range  of  10-20  nH  The  series  resistance  R^  (  = 
Rg  -r  R  )  IS  approximately  60  li  (Rg=50  12.  R  =8  33l2) 

Neglecting  the  system  nsetime.  the  circuit  current  can  be  calcu¬ 
lated  as  a  function  of  me  from  the  analytical  solutions  given  in 
standard  textbooks.  Ir  the  quasi  static  range  ((2L  Rj)^  <  LCg) 
calculations  for  capacitor  values  of  200  and  40  pF  and  an  pulse 
amplitude  of  1 5  V  give  a  time  dependent  voltage  over  the  load 
resistor  R'  shown  in  the  left  hand  panel  of  Fig  3  It  should  be 
noted  that  for  a  linear  capacitive  load  the  current  shape  is  inde¬ 
pendent  of  the  pulse  amplitude  In  the  inset  the  time  from  the 
onset  of  the  pulse  until  the  voltage  has  decreased  to  1 0%  of  the 
maximum  is  displayed  as  function  of  the  capacitance  This  time 
is  approximately  equal  to  2  3R5C5  and  in  the  following  it  is 


time  Ins) 


Fig.  3  Lett  hand  panel  shows  for  an  LRC  circuit  the  voltage  across  a  1 0  U  load  versus  time  after  onset  of  a  1 5  V  pulse.  The  insel 
gives  fhe  time  from  fhe  onset  to  the  time  where  the  signal  is  reduced  to  10%  of  its  maximum  The  right  hand  panel  shows  experi¬ 
mental  switching  results  (from  ref  8). 
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In  the  nght  nano  panni  ol  t->g  i  n^pennitniiai  swati'ing 
I'urves  for  a  Itnn  film  ut  L  a  aopad  Pd  !  I'J  ,  see  ret  Bi  are  shoAfi 
the  full  l.ne  cu'ves  represent  the  Lases  uvtiete  tt>e  polarization 
IS  reversed  by  Itie  application  ot  itie  15  V  aniplituOe  pulse  Here 
the  change  m  polarization  is  about  JOn  tC  tirn^  Usir  g  Pq  i2i 
one  calculates  for  the  cap.icitor  areas  A,  -  10  000  and  2  000 
urn  ttie  equivalent  capacitances  of  200  and  40  pt  respectively 
A  conipcaison  between  the  corresponding  curves  ot  tire  left  and 
the  riglit  fiand  Sides  ot  Fig  3  stiows  a  good  agreement  m  line 
shape  and  switching  time  Ttie  exception  is  the  initial  behaviour 
since  rio  signal  rise  and  response  tunes  riave  been  included  m 
the  calculations  The  difference  m  the  switching  speed  between 
the  switctiing  and  the  nonswitching  curves  (there  is  no  polanza 
tion  reversal  by  application  ot  a  second  voltage  pulse  ot  the 
same  polarity  l  is  only  caused  by  the  different  charges  involved 
An  interesting  consequence  is  that  it  the  same  charge  is 
switched  tor  different  voltages  ii  e  m  the  range  where  the  polar 
ization  IS  saturated!  ttie  switching  speed  will  depend  reversely 
on  the  voltage  in  this  range  (see  Eq  i2i  This  might  erroneously 
be  explained  as  a  real  physical  effect  caused  by  an  increase  of 
the  spec‘d  ot  polarization  reversal  with  increasing  field,  but  actu 
ally  it  IS  only  caused  by  the  current  limiting  effects  of  the  net 
work 

These  results  confirm  the  experimnntal  results  ot  Ret  i8) 
that  the  measured  response  times  are  limited  by  r,  Therefore, 
the  true  (physical)  switching  time  t,.  is  smaller  than  2  ns  A 
requirement  obviously  rieeded  for  stuuies  of  switching  kinetics 
IS  that  the  experimental  time  resolution  be  smaller  than  the 
physical  switching  time  tiere  is  determined  by  the  instru 
mental  time  resolution  as  well  as  the  time  needed  to  deliver  the 
polarization  charge 

fe.p  'nc'-i  l3l 

can  be  calculated  from  the  polarization  change,  the  pulse 
amplitude  and  the  circuit  ctiaracteristics  by 

2  3R^\PApf.Vp  (4) 

This  time  can  m  principle  be  minimized  by  rc'^ucing  R^  and  the 
capacitor  area  A^j;  However,  with  standard  .nslrumental 
impedances  of  50  U.  the  lower  limit  of  R,  is  of  the  order  of  50U 
In  practice  Ap  p  must  be  reduced  For  instance,  if  \P  =  300 
tC  pm-  and  ^  10  V  a  value  of  ^RC  *^3  3  ns  requires  Ap^  <  60 
urn'  iC^  74  pF) 

A  further  complication  arises  by  reducing  the  RC  time 
because  the  oscillatory  range  of  the  LRC  circuit  is  reached 
when  (2L  R^i*'  >  LC,.  This  behaviour  is  likely  met  in  the  sub- 
nanosecond  range  It  will  be  treated  below  in  the  discussion  of 
the  experimental  results 


Experimental  set  up  tCi  SuD  nanosecond  Pulse  switching 

A  determination  ot  the  switching  Kinet.es  requires  at 
least  a  comparison  and  better  a  subtraction  ot  thi.  time  depen 
dences  ot  the  switched  and  the  nonswiiched  polar  rations 
These  measurements  have  to  be  earned  out  on  a  proper 
timescale  It  ,p  <  t^t  In  this  subsection  an  experimental  set-up 
having  a  l.miting  value  ot  t  =  0  1  ns  is  Pnetly  described  A  more 
rompiete  description  will  be  published  elsewhere  [10] 

A  usual  pulse  sequence  tor  measuring  switching  Iran 
sienis  consists  ot  double  bipolar  pulses  The  first  ot  two  consec 
utive  pulses  ot  tne  same  polarity  reverses  the  polarization  and 
IS  a  switching  pulse  while  the  second  one  is  nonswitching  It 
only  switching  transients  of  one  polarity  are  studied  a  pulse 
sequence  (defined  by  w, ,  and  Wj)  as  th  ;  shown  m  Fig  4 
can  be  used  Here  the  switching  from  negative  to  positive  polar 
ily  nan  be  investigated  The  risi  ime  of  the  two  positive  pulses 
IS  one  of  the  instrumental  speed  determining  factors,  while  the 
negative  pulse  just  serves  to  reverse  the  polarization  A  very 
short  nsetime  is  therefore  not  required  tor  this  pulse  The  widtn 
of  the  negative  pulse  is  equal  to  the  sum  ot  the  widths  ot  the 
two  positive  pulses  to  avoid  any  DC  bias  effects 

A  schematic  diagram  of  the  experimental  set-up  is 
shown  in  Fig  5  The  outputs  from  a  very  fast  (r,  =  45  psi  and 
fast  pulse  generator  (Models  4050  and  2600  trom  Picosecond 
Pulse  Labs  .  Inc  .  respectively)  are  added  and  led  to  the  input  ot 
the  ptuon'.y  circuit  (566  inset.  Fig  1 )  The  respo.ise  time  of  the 

V ,  X,  W  _  vv  ,  . 


Fig  4  A  pulse  sequence  tof  switching  measurements 

adding  circuit  is  about  90  ps  The  output  from  the  probing  circuit 
IS  being  measured  by  a  Tektronix  model  7704  sampling  scope 
(r,  •  30  ps)  Its  output  IS  being  averaged  by  a  digitizing  signal 
analyser  (Tektronix  DSA  602)  yielding  the  final  switching  and 
nonswitching  time  dependence.  The  time  sequence  of  the  posi 
live  and  negative  pulses  are  being  determined  by  a  triggering 
and  delay  circuit  based  on  HP  model  8161  pulse  generators 
The  maximum  frequency  is  determined  by  the  fast  pulse  gener¬ 
ator  (f^g^  =  100  kHz.  PSPL  model  2600)  In  order  to  obtain  the 
necessary  time  resolution  the  switching  and  the  nonswitching 
response  are  measured  sequentially.  For  this  there  is  a  pulse 
selector  to  directly  trigger  the  input  of  the  sampling  scope  to 
either  the  first  or  the  second  of  the  two  positive  pulses  It  should 
be  noted  that  the  period  (W2)  of  5  ps  is  about  2*10^  times  the 
desired  jitter  level  (s  20  ps)  and  that  an  exact  triggering  of  the 
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Fiq  5  Schem.iiic  fny  oul  ol  expenmeutnl  set  up  tor  sub  nanosecond  measurements 


sampling  scope  Is  required.  The  instrumental  time  resolution  for 
the  overall  set-up  is  estimated  to  be  90-100  ps.  The  parameters 
of  the  pulse  sequence  for  measurements  carried  out  with  this 
set-up  are  w,  =  10  ns,  Wj  =  5  ps  and  Wj  =  2.5  ps. 

The  probing  circuit  consists  of  a  capacitor  test  structure 
with  capacitor  areas  ranging  from  50.000  pm^  down  to  9  pm^ 
and  two  probes.  The  test  structure  was  prepared  on  a  10  cm 
diameter  oxidized  Si  wafer  provided  with  a  common  Ti/Pt  bot¬ 
tom  electrode,  a  ferroelectric  or  dielectric  layer  and  a  top  elec¬ 
trode  (details  are  given  below).  The  latter  two  types  of  layers 
were  etched  to  the  desired  areas.  No  bonding  pads  were  used 
because  they  lead  to  additional  parasitic  capacitances.  The 
probes  were  coaxially  shielded  with  the  resistors  (R  =  10  U  and 
R,  =  50  U)  mounted  between  the  shield  and  the  tip.  The  shields 
of  the  two  probes  were  connected  with  a  broad  metal  strip  to 
make  a  good  common  ground  and  to  decrease  induction. 

Testino  of  the  experimental  set-uo 

In  order  to  investigate  the  performance  of  the  experi¬ 
mental  set-up  a  capacitor  structure  using  SiOj  as  a  purely 
dielectric  layer  was  made.  In  Fig.  6  the  response  to  an  applied 
voltage  pulse,  measured  across  the  resistor  R  (see  Fig.  1.  inset 
(b)),  are  shown  for  two  capacitors.  It  is  seen  that  the  signal  has 
an  oscillatory  behaviour  and  that  the  initial  peak  is  the  dominat¬ 
ing  part  of  the  signal.  Some  part  of  the  curves,  e  g  the  minimum 
observed  at  about  600  ps  after  the  signal  onset,  is  common  for 
the  different  curves  and  is  caused  by  variations  in  the  waveform 
of  the  applied  pulse.  However,  the  initial  oscillations  demon¬ 
strate  a  charging  behaviour  This  can  be  related  to  the  LRC  cir¬ 
cuit  parameters.  The  oscillation  period  T^.,  is  given  by 

T<,3,  =  2n/N(1/LC-(R/2L)2).  (.5) 


Fig  6  Signal  response  to  a  voltage  pulse  for  b  capacitors  on  a  Si  wafer 


The  half  period  1/2TQg^.  measured  as  indicated  in  Fig. 6,  is 
shown  in  Fig.  7  as  a  function  of  capacitance  for  the  different 
capacitors.  It  is  seen  that  the  measured  period  in  a  large  range 
is  proportional  to  \C.  In  this  range  the  second  term  of  Eq.(5) 
can  be  neglected.  From  this  the  circuit  inductance  L  can  be 
determined  to  be  10  nH,  For  small  values  of  capacitance 
1  2T;jj^  is  essentially  constant  with  a  value  of  80  to  90  ps.  This 
value  IS  slightly  smaller  than  the  estimated  instrumental  resolu¬ 
tion. 

For  a  ferroelectric  capacitor  one  can  discuss  its  behav¬ 
iour  on  the  basis  of  the  equivalent  diagram  of  Fig.  2b.  The 


Fig.  7  The  measured  period  1  2  as  a  funclion  ol  capaciiar.oe  measured 
lor  Si02  capacilors  on  a  Si  water 

dielectric  response  (C^iig,  +  Cp)  will  give  rise  to  the  same  type  of 
oscillations  as  just  discussed.  This  limits  the  time  resolution 
Here  we  take  l/STp^p  as  an  appropriate  circuit  depending 
response  time,  denoted  This  is  approximately  given  by 

rLC  =  it^(LC).  (6) 

The  capacitance  is  determined  as  described  above,  using  the 
nonswitching  polarization  change  to  determ, me  Cjj.g, 

For  the  non-linear  polarization  reversal  response  caused 
by  Cpg'  (see  Fig.  2b)  there  can  be  no  oscillations  since  the 
charge  is  fixed  after  the  reversal  of  polarization  (until  a  pulse  of 
opposite  polarity  and  sufficient  amplitude  is  applied)  The  charg¬ 
ing  time  in  this  case  is  therefore  given  by  Eq.(4).  In  order  to 
allow  a  comparison  of  the  two  circuit  dependent  response 
times,  the  calculated  time  Tr,;;  is  also  shown  as  function  of  C  in 
Fig.  7. 

Preparation  of  PZT  test  structures 

Ferroelectric  PZT  films  of  compositions  x  =  0.53  and 
0.35  were  grown  on  oxidized  Si(IOO)  substrates  provided  by  a 
bottom  electrode  consisting  of  a  thin  Ti  adhesion  layer  and  a  Pt 
layer.  The  top  electrode  deposited  on  the  PZT  film  was  Pt  as 
well.  Details  about  the  electrodes  have  been  given  in  Ref. (11). 
Five  PZT  thin  film  samples  (A-E)  were  prepared  by  spin-coating 
techniques  using  different  precursor  routes.  In  all  cases  the 
films  were  prepared  by  repeating  a  spin-coating  step  followed 
by  an  intermediate  heat  treatment  step  until  the  desired  film 
thickness  was  obtained.  Subsequently  the  films  were  annealed 
at  650-700'C  Sample  A  with  composition  x  =  0.53  was  pre¬ 
pared  by  decomposition  of  organometallic  compounds  (MOD 
process)  using  a  furnace  pretreatment  at  500  C  after  each 
coating.  Details  of  the  precursors  etc.  have  been  given  in 
Ref. (12).  Samples  B-E  were  prepared  by  modified  sol-gel  tech¬ 
niques  [12.13].  Samples  B  and  C  had  the  Ti-rich  composition  (x 
=  0.35).  Sample  B  was  given  a  high  temperature  pretreatment 
at  600  C  after  each  coating,  whereas  sample  C  was  pretreated 
at  300  C.  The  samples  D  and  E  had,  similar  to  sample  A.  a 
composition  located  at  the  morphotropic  phase  boundary  (x  = 
0.53).  Both  films  (D,  E)  were  given  low  temperature  pretreat¬ 
ments  at  300-350  C  either  by  hot-plate  heating  (D)  or  by  fur¬ 
nace  treatment  (E).  The  thickness  of  all  five  films  after  the  final 
anneal  (650-700  C)  were  in  the  range  0.40-0.45  pm. 

Ferroelectric  capacitors  were  prepared  oy  etching  away 
the  top  electrode  and  the  PZT  film  outside  the  capacitor  area.  In 
this  way  there  is  access  to  both  the  bottom  and  top  electrode 
within  a  short  distance  and  the  parasitic  capacitance  is  mini¬ 
mized. 
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Fig.8  Measurements  for  samples  A  and  D  of  the  voltage  across  R  lor  the  first  and  the  second  pulse  (solid  and  bro¬ 
ken  line,  resp.)  of  a  double  pulse  following  upon  a  double  pulse  with  opposite  polarity 


Results 

Influence  of  pulse  width 

It  was  discussed  In  the  preceeding  section  that  in  order  to 
assure  that  the  experimental  response  time  is  small  the  ferro¬ 
electric  charge  to  be  switched  also  must  be  small.  This  of 
course  leads  to  a  decrease  in  the  signal.  If  we  compare  'fast' 
versus  slow'  switching  of  the  same  charge,  the  current  will  be 
larger  in  the  former  than  in  the  latter  case.  Fast  switching  is 
therefore  more  readily  detectable  than  slow  switching. 
Obviously,  there  is  a  problem  if  the  switching  is  distributed  in 
time  containing  both  fast  and  slow  switching  components.  One 
way  of  investigating  such  effects  is  to  measure  the  influence  of 
the  pulse  width. 

These  measurements  were  made  with  a  set-up  which 
already  was  described  in  Ref.(8)  and  which  has  an  instrumental 
time  resolution  of  2  ns.  The  pulse  sequence  in  this  case  has 
double  bipolar  pulses.  The  delay  (Wg)  between  the  leading  edge 
of  two  consecutive  pulses  of  the  same  polarity  was  1 0  ps.  the 
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delay  between  pulses  of  the  opposite  polarity  (W3)  was  5  ms 
and  the  pulse  width  was  variable  between  10  ns  and  2  ps. 

Figure  8  shows  for  samples  A  and  D  the  time  depen¬ 
dence  of  the  signal  across  R  (see  inset  (a).  Fig.1 )  for  a  switch¬ 
ing  and  a  nonswitching  pulse  using  different  pulse  widths  (the 
same  for  both  polarities).  For  sample  A.  both  curves  are  inde¬ 
pendent  of  the  pulse  width  while  for  sample  D  the  switching 
curve  is  reduced  in  amplitude  with  decreasing  pulse  width. 

By  integrating  the  signals  the  switched  (AP^)  and  non- 
switched  {APpj)  polarizations  can  be  determined.  The  differ¬ 
ence,  aPj  -  APnj,  between  these  two  quantities  corresponds  to 
the  difference  between  the  positive  and  negative  remanent 
polarizations.  In  Fig.  9.  this  difference  is  plotted  versus  the  pulse 
width  for  all  five  samples.  For  samples  C,  D  and  E  the  polariza¬ 
tion  markedly  decreases  with  the  pulse  width  whereas  for  sam¬ 
ple  B  the  polarization  is  independent  of  the  pulse  width.  The 
apparent  increase  in  polarization  for  sample  A  is  merely  experi¬ 
mentally  caused  (e.g.  due  to  measurements  on  different  capaci¬ 
tors). 

The  increase  in  polarization  with  increasing  pulse  width 
for  samples  C,  D  and  E  can  be  ascribed  to  a  distribution  of 
switching  times.  For  a  short  pulse  width  only  a  small  pari  of  the 
polarization  can  be  reversed  and  consequently  the  state  of  the 
sample  is  less  changed  than  it  is  after  a  longer  pulse.  For  sam¬ 
ple  A  and  B  the  switching  is  faster  than  the  minimum  pulse 
width  of  10  ns  and  consequently  a  greater  width  of  the  switching 
pulse  does  not  increase  the  polarization. 

For  memory  applications  it  is  undesirable  that  the  polar¬ 
ization  depends  on  the  pulse  width  and  only  samples  A  and  B 
seem  to  have  an  appropriate  behaviour.  Clearly  for  a  distinction 
between  fast  and  slow  switching  behaviour,  measurements  are 
needed  on  a  sufficiently  small  (fast)  timescale.  An  evaluation  on 
basis  of  ‘low-frequency’  hysteresis  measurements  is  obviously 
improper.  A  further  discussion  of  the  results  and  the  possible 
causes  of  the  differences  is  given  below. 

Sub-nanosecond  switching  of  PZT 

In  this  subsection  we  describe  measurements  on  sample 
A  with  the  experimental  set-up  having  sub-nanosecond  resolu¬ 
tion.  Fig.  10  displays  in  the  left  hand  panel  the  time  dependence 
of  the  voltage  across  R  for  the  switching  and  the  nonswitching 
pulses  for  ferroelectric  capacitors  of  different  areas.  In  the  right 


Fig.  9  The  difference  between  the  switched  and  nonswitched  polarizations  as 
a  function  of  the  pulse  width  for  samples  A,  B.  C  and  D.  The  lines  are  drawn 
to  guide  the  aye. 
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Fig  10  Measurements  on  sample  A  Lett  hand  panel  Measurements  of  the  voltage  across  R  for  the  first  and  the  second  pulse  (solid 
and  broken  curve,  resp  )  following  upon  a  pulse  of  opposite  polarity  tor  ferroelectric  capacitors  having  different  electrode  areas  Right 
hand  panel:  Curves  of  the  difference  between  the  voltages  tor  the  first  and  the  second  pulse- 


hand  panel  the  corresponding  difference  curves  are  shown.  The 
curves  show  one  main  peaK  and  a  series  of  minor  oscillations. 
These  are  largely  caused  by  a  non-ideal  pulseform  and  were 
observed  as  well  in  the  measurements  of  the  SiOj  capacitors 
described  above.  Here  they  are  apparent  if  the  curves  for  the 
capacitors  of  areas  100  and  49  pm^  are  compared  (left  hand 
panel).  With  decreasing  area  of  the  ferroelectric  capacitors  the 
response  time  of  the  signals  decreases  and  switching  times  as 


to  too  1000 

Afe  (pm^l - 

Fig.  1 1  The  dependence  of  the  polarization  of  sample  A  on  the  area  of  the  fer¬ 
roelectric  capacitor. 


short  as  300-400  ps  are  observed. 

From  integration  of  the  time  dependent  voltages  the 
switched  and  non-switched  polarization  and  their  difference  has 
been  determined  as  function  of  the  capacitor  area  Ap^.  The 
results  are  shown  in  Fig.  11 .  For  small  areas  there  is  an  appar¬ 
ent  increase  in  the  polarization.  This  is  caused  by  a  parasitic 
capacitance  and  is  not  present  in  the  difference  curves.  It 
should  be  noted  that  the  polarization  values  determined  in  these 
measurements  agree  with  those  determined  above  using  the 
other  set-up. 

After  this  verification  of  the  measurements  we  turn  back  to 
Fig.  10.  As  a  measure  for  the  switching  time  we  take  the  time 
from  the  onset  of  the  difference  pulse  until  the  signal  has 
decreased  to  10%  of  the  peak  value.  This  time  t^  is  indicated  in 
Fig.  10  (right  hand  panel.  49  pm^).  In  some  cases  the  non-ideal 
pulseform  has  to  be  taken  into  account  when  measuring  t^.  On 
the  basis  of  two  different  measuring  series,  t^  has  been  deter¬ 
mined  as  a  function  of  the  capacitor  area  and  is  plotted  in  the 
upper  panel  of  Fig.  12.  For  App  >  100  pm^  there  is  a  marked 
increase  of  tg  with  area  while  there  is  a  levelling  off  for  the 
smallest  areas.  This  could  mean  that  we  are  reaching  either  the 
intrinsic  switching  time  tor  the  ferroelectric  film  or  a  limit  which  is 
given  by  the  experimental  resolution.  We  have  therefore  calcu¬ 
lated  the  time  resolutions  (with  C  =  -iPpsApE'^^p)  ^rc 
(with  C  =  -iPsAFE'''^p)  these  are  shown  in  Fig.  12.  upper 
panel,  together  with  the  instrumental  resolution  t,.  Clearly,  the 
experimental  resolution  is  considerably  smaller  than  tg  for  the 
smallest  capacitors  but  it  cannot  be  neglected.  If  one  corrects 
the  switching  time  for  the  experimental  broadening  the  true 
switching  time  tg'  should  be  obtained.  This  time  is  calculated  by 

V  =  ■  ^rc'  -  <7) 
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rig.  12  Upper  panel:  The  switching  lime  ts  measured  for  sample  A  as  a  'unc¬ 
tion  of  the  capacitor  area.  The  circle  and  the  squares  represent  two  sets  of 
measurements.  The  instrumental  response  time  i,  and  the  calculated  times 
and  rqg  are  also  shown.  Lower  panel:  The  switching  time  t^'  after  correct¬ 
ing  tj  for  experimental  broadening. 


In  Fig.  12,  lower  panel,  is  plotted  as  function  of  Ap^,  For 
small  areas  it  is  constant  within  the  experimental  spreading  and 
has  a  value  of  about  360  ps.  Above  100  pm^  tj'  increases  with 
the  area.  Here  the  experimental  resolution  becomes  larger  than 
the  true  switching  time  and  consequently  a  larger  accuracy  in 
determining  both  tj'  and  the  resolutions  are  needed  to  obtain 
reliable  values  in  this  range. 

We  have  here  experimentally  determined  a  switching  time 
of  360  ps  for  one  sample  at  an  electric  field  of  1 6  V/pm  (Vp  = 

7V,  d  =  0.43pm).  Other  (preliminary)  results  indicate  an  increase 
in  switching  time  for  decreasing  field  but  they  will  not  be  includ¬ 
ed  here. 

Discussion 


a) 


0.1  pni 


Ffg.  13  Film  morphology  for  a)  a  coarse  grained  PZT  film  and  D)  a  tine  grained 
film  with  columnar  structure  and  an  epitaxial  relationship  within  the  column 
For 

ceramic-like  with  at  least  two  grains  across  the  film.  These 
grains  do  not  have  any  epitaxial  relationship.  In  Fig.  13  the  two 
structures  are  indicated  with  their  typical  dimensions  (the  bars 
indicate  the  lateral  dimensions  only). 

The  switching  in  the  situation  with  a  columnar,  epitaxial 
structure  is  similar  to  that  of  a  single  crystal,  while  for  the  other 
case  the  situation  is  similar  to  a  ceramic.  The  ferroelectric 
domains  are  limited  within  each  grain  and  in  the  last  case 
switching  means  at  least  a  redistribution  of  charge  within  the 
film  at  the  domain  walls  (at  the  grain  boundaries).  Since  PZT  is 
a  good  insulator  this  process  needs  time  With  a  distribution  of 
grain  sizes  and  crystallographic  orientations  one  therefore 
expects  a  distribution  of  switching  times,  with  each  sample  x- 
ing  its  own  characteristiscs.  This  explains  the  observations  tor 
samples  C,  D  and  E  and  perhaps  also  the  measurements 
described  in  Refs. (6.7).  For  the  case  of  the  columnar,  epitaxial 
structure,  domains  can  proceed  across  the  film  from  one  to  the 
other  electrode.  Switching  in  which  only  charge  redistribution 
occurs  at  the  electrodes  will  not  be  lin  ‘ed  by  any  internal 
charge  redistribution  and  can  therefore  be  fast.  This  is  most 
probably  the  case  for  the  switching  in  samples  A  and  B 

In  Fig.  14.  we  show  two  possible  domain  configurations 
allowing  fast  switching  In  both  cases  the  charge  at  the 
film/electrode  interfaces  changes  in  sign  at  switching.  For  the 
180'  domains  there  is  no  charge  at  the  domain  walls.  For  the 
90°  domains  these  domain  interfaces  are  charged  but  with  the 
same  charge  independent  of  the  direction  of  the  electric  field. 
Therefore  no  charge  redistribution  at  the  domain  walls  is  need¬ 
ed  in  this  case. 


There  are  two  main  points  which  we  will  address  here.  One  is 
the  explanation  of  why  in  some  cases  one  finds  that  the  switch¬ 
ing  has  a  wide  time  distribution  while  in  other  cases  the  switch¬ 
ing  is  very  fast.  The  second  point  is  the  discussion  of  possible 
causes  of  the  very  short  switching  time  of  360  ps  measured  for 
an  applied  field  of  16  V/pm  for  sample  A. 

Concerning  the  first  point  we  note  that  samples  C.  D  and 
E  were  prepared  with  a  low  temperature  pretreatment  step  after 
each  spin-coating,  whereas  sample  A  and  B  were  prepared  with 
a  higner  temperature  furnace  pretreatment.  In  the  latter  cases 
the  temperature  was  high  enough  to  produce  crystalline  PZT 
[12],  while  in  the  former  cases  only  amorphous  phases  were 
formed  (i.e.  after  each  coating  treatment).  A  recent  investigation 
by  Klee  et  al.  [14]  in  which  thin  PZT  films  were  prepared  by  dif¬ 
ferent  spin-coating  techniques  and  investigated  by  transmission 
electron  microscopv  (TEM)  has  shown  that  in  the  case  of  high 
temperature  heating  steps  after  each  spin-coating  the  film  has  a 
columnar  morphology  with  an  epitaxial  relationship  of  the  grains 
across  the  film.  For  the  low  temperature  heating  steps  the  film  is 


grains 


Fig.  14  A  180'  and  a  90  domain  configuration  m  a  film  with  a  columnar  struc¬ 
ture  with  an  epitaxial  relationship  across  the  film. 


Finally,  we  will  shortly  comment  on  the  actual  switching 
mechanism.  We  exclude  the  case  of  two-dimensional  domain 
growth  because  the  lateral  mobilities  are  very  small  [4].  Then 
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there  seems  to  be  two  possibilities.  One  is  the  mechanism 
described  by  Merz  [1]  in  which  a  high  nucleation  rate  is  sup¬ 
posed.  The  switching  time  is  then  determined  by  the  speed  of 
domain  walls  propagating  across  the  film.  With  our  results  (t^  = 
360  ps  and  d  =  0.43  pm)  one  finds  1  km/s.  This  is  still  con¬ 
siderable  smaller  than  the  propagation  speed  of  an  elastic  wave 
and  might  well  be  possible  However,  the  results  obtained  for 
single  crystal  PbTiOj  indicated  much  smaller  speeds  at  the 
actual  field  of  ^  15  V  pm  The  second  possibility  is  that 
described  by  Stabler  [2].  In  this  case  the  switching  is  a  bulk 
effect  and  Is  not  caused  by  movements  of  domain  walls  This 
means  that  all  the  dipoles  In  a  domain  are  almost  simultanously 
reoriented  by  the  electric  field.  This  behaviour  has  recently 
been  treated  by  Cabezuelo  et  al.  [15]  and  by  Messenger  [16]  In 
each  unit  cell  the  ions  will  change  between  equivalent  configu¬ 
rations,  separated  by  potential  barrler(s). 

Obviously,  a  further  discussion  of  the  details  of  switching 
requires  further  experimental  information.  The  dependence  of 
the  switching  time  on  thickness,  field  and  temperature  have  to 
be  studied.  Knowledge  about  the  relation  between  the  actual 
domain  structure  and  the  switching  time  is  needed.  This  can  be 
obtained  by  carrying  out  switching  measurements  and  TEM 
investigations  on  the  same  sample. 

Summary 

In  this  paper  we  have  described  an  experimental  set-up 
for  ultrafast  switching  measurements.  The  instrumental  time 
resolution  was  measured  to  be  ^  100  picoseconds.  An  analysis 
of  the  test  circuit  showed  that  this  could  be  considered  as  a 
LRC  network  having  an  non-linear  ferroelectric  capacitor.  The 
switching  and  the  nonswitching  ferroelectric  charges  were 
shown  to  determine  the  RC  and  LC  network  time  constants, 
respectively,  and  the  overall  experimental  resolution. 
Experiments  on  PZT  films  demonstrated  switching  within  360 
picoseconds  as  well  as  switching  time  distributions  extending  to 
more  than  2  microseconds.  It  was  argued  that  the  extended 
switching  times  can  be  related  to  a  ceramic-like  morphology  of 
the  films  and  that  they  are  caused  by  the  time  needed  for 
charge  redistribution  within  the  films.  The  fast  switching  is 
observed  in  films  with  an  epitaxial  relationship  within  columnar 
grains.  It  can  be  explained  by  180  and  90  domain  configura¬ 
tions  needing  only  charge  redistribution  at  the  film-electrode 
interphases  during  switching.  Two  switching  mechanisms  might 
explain  the  fast  switching.  One  is  based  on  a  high  nucleation 
rate  and  propagation  of  domains  across  the  film  thickness.  The 
other  one  assumes  a  simultanous  reorientation  of  the  feiroelec- 
tric  dipoles  (bulk  switching). 
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Leakage  current  was  investigated  for  lead  zirconate 
titanate  (PZT)  thin  films  on  platinum  (Pt)  and  ruthenium 
oxide  (RuO, )  electrodes.  Schottky  emission  was  observed 
for  both  PZT  capacitors.  An  accelerated  unified  test  tech¬ 
nique  was  also  suggested  which  can  measure  fatigue  and  time 
dependent  dielectric  breakdown  (TDDB)  simultaneously  in  a 
short  period  of  time.  PZT  films  on  RuO,  electrodes  show 
longer  breakdown  lifetime  than  those  on  Pt  electrodes  under 
alternating  voltage  stresses. 


Introduction 


There  have  been  many  attempts  to  develop  non-vola¬ 
tile  memories  using  ferroelectric  materials.  It  is  well  known 
that  the  main  limitations  for  such  commercial  applications  are 
degradation  properties  such  as  fatigue,  aging,  and  electrical 
degradation  including  low  voltage  breakdown.  With  recent 
development  of  ceramic  electrodes  for  ferroelectric  capaci¬ 
tors!  1-4],  *he  fatigue  problem  has  been  overcome  and  it  has 
been  reported  that  no  significant  fatigue  was  observed  up  to 
10"  test  cycles  for  lead  zirconate  titanate  (PZT)  thin  films 
using  RuO,  electrodes[3,4].  However,  it  has  also  been  point¬ 
ed  out  that  PZT  films  with  such  ceramic  electrodes  show 
higher  leakage  current  than  those  with  conventional  metal 
electrodes,  with  long  pre-breakdown  range  under  DC 
electric  fields[l].  In  order  to  improve  leakage  current  and 
breakdown  properties  for  such  films,  the  mechanisms  for 
these  phenomena  should  be  understood  extensively.  Leak¬ 
age  current  and  TDDB  of  PZT  films  on  Pt  electrodes  have 
been  reported  by  some  authors(5,6].  In  this  paper,  the 
source  of  such  conduction  was  investigated  for  PZT  films  on 
both  Pt  and  RuO,  eiecuodcs. 

In  our  earlier  studies  on  degradation  properties,  we 
have  shown  that  oxygen  vacancy  is  a  common  source  of 
degradation  properties  and  it  is  expected  that  reliability  can 
be  improved  simultaneously  by  controlling  oxygen  vacancy 
behavior.  This  leads  us  to  the  realization  of  the  importance 
of  correlation  studies  among  fatigue,  aging,  and  leakage 
current/TDDB.  The  correlation  studies  also  bring  about  the 
issue  of  necessity  of  simultaneous  reliability  test  techniques. 

So  far,  each  degradation  test  has  been  performed  separately 
for  qualification  of  ’evice.  For  example,  fatigue  was  main¬ 
ly  tested  under  altc.  ting  pulses  or  square  waves  and  time 
dependent  dielectric  breakdown  (TDDB)  test  was  carried  out 
under  DC  electric  fields.  But ,  eventually,  the  device  should 
be  qualified  under  real  service  conditions.  Hence,  a  unified 
test  technique  is  required  for  simultaneous  evaluation  under 
the  same  service  condition.  It  is  also  desirable  to  accelerate 
the  unified  test  in  order  to  evaluate  devices  in  a  short  period 
of  time.  Therefore,  breakdown  of  PZT  films  with  both  Pt 
and  RuO,  was  investigated  in  this  paper  in  conjunction  with 
fatigue  for  both  correlation  studies  and  development  of  uni¬ 
fied  test. 


Current-voltage  characteristic  curves  (I-V  curve)  for 
PZT  films  with  Pt  and  RuO,  electrodes  arc  shown  in  Fig.  1 
where  "instant"  breakdown  fields  (the  minimum  electric  field 
at  which  devices  break  down  as  soon  as  it  is  applied  to  the 
sample)  are  also  shown.  It  was  observed  that  PZT  films  with 
Pt  electrodes  show  frequent  fuse  effect  (momentary  increase 
of  leakage  current  during  test)  with  low  electrical  degrada¬ 
tion  before  breakdown.  For  RuO.  electrodes,  electrical 
degradation  (with  a  smaller  scale  of  fuse  effects  that  Pt  elec¬ 
trodes)  occurs  earlier  and  lasts  longer  than  Pt  electrodes 
before  breakdown.  When  polarity  is  reversed,  I-V  character¬ 
istic  becomes  asymmetric. 
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Fig.  1  Current-Voltage  Characteristics 
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There  are  several  types  of  leakage  current  mecha- 
iusnu[7].  Ohmic  behavior  is  observed  at  low  fields.  Under 
high  electric  fields,  where  devices  exhibit  non-ohmic  current, 
electrical  behavior  is  governed  by  oxygen  vacancy  diffusion, 
space  charge  limited  current  (SCX)  injection,  grain  bound¬ 
ary  potential  barrier,  tunneling,  Schottky  emission,  or  Poole- 
Frenkel  emission.  SCLC  injection  occurs  under  fields  on  the 
order  of  1-lOkV/cm,  and  Scho'tky  emission,  under  fields  on 
the  order  of  O.lMV/cm.  Tunneling  is  observed  under  fields 
on  the  order  of  lOOMV/cm.  1-V  characteristics  of  PZT 
capacitors  did  not  show  ionic  type  conduction  at  temperatures 
lower  than  ISiTC.  It  is  hard  to  believe  that  leakage  current 
of  PZT  thin  films  is  controlled  by  grain  boundary  potential 
beirrier  because  there  exists  little  chance  for  the  thin  film  to 
form  grains  across  electrodes  as  long  as  film  thickens  is  of  the 
Older  of  lOOOA.  Therefore,  the  likely  leakage  current  mech¬ 
anism  may  be  Schottky  emission  or  Poole-Frenkel  emission. 
Schottky  emission  occurs  at  the  insulator-electrode  contact 
and  Poole-Frenkel,  in  the  bulk.  Then,  the  asymmetric  I-V 
curve  in  Fig.  1,  which  is  due  to  opposite  polarity,  highly 
supports  the  Schottky  emission  as  a  pertinent  leakage  current 
mechanism  for  PZT  thin  films,  because  the  I-V  curve  should 
be  symmetric  for  Pool-Frenkel  emission  as  long  as  such 
emission  occurs  in  the  bulk. 

The  Schottky  emission  is  analogous  to  thermionic 
emission  of  electrons  from  metal  into  vacuum.  For  metal- 
insulator  junction,  the  emission  is  governed  by  the  equation; 

J  =  /I'T'expK  *a>/E)lkT\  (^) 

where  J  is  the  current  density.  A"  is  the  effective  Richardson 
constant,  ^  is  the  effective  Schottky  barrier  height,  a  is  a 
constant,  and  E  is  electric  field.  When  the  Schottky  emission 
occurs  in  linear  dielectrics,  a  plot  of  In/  versus  S'"  (voltage 
dependence)  or  ln(//T^)  versus  l/T  (temperature  dependence) 
would  be  linear.  However,  for  ferroelectrics,  there  exists 
polarization  under  external  electric  fields  and  the  polarization 
gives  rise  to  an  internal  field.  Thus,  the  net  (effective) 
electric  field  is  expressed  as  a  local  field  and  the  electric  field 
term  should  be  replaced  as  follows: 

E=E^-riP  (2) 

where  Ej,  is  the  applied  external  field,  t}  is  the  depolarization 
factor,  and  P  the  {wlarization  induced  by  external  field  E^. 
Since  polarization  P  is  measurable  at  each  electric  field, 
when  J  versus  {E^-tjP)^  is  plotted,  it  gives  good  curve  fitting 
for  PZT  films  as  shown  in  Fig.  2.  Temperature  dependence 
of  leakage  current  of  PZT  films  are  shown  in  Fig.  3.  Electri¬ 
cal  degradation  starts  as  soon  as  electric  field  is  applied  at 
high  temperature  showing  high  current  level.  Tliese  cur¬ 
rents  are  excluded  when  calculating  activation  energy  of 
stabilized  leakage  current.  PZT  films  with  Pt  electrodes 
show  essentially  the  same  Richardson  constant  for  each 
polarity  with  dissimilar  activation  energies.  TTie  potential 
barrier  difference  may  come  from  difference  in  PZT-Pt  inter¬ 
face  conditions  between  top  and  bottom  electrodes  which 
may  be  due  to  the  effect  of  processing  conditions.  As  for 
RuO,  electrodes,  Richardson  constant  of  the  top  electrode  is 
different  from  that  of  the  bottom  electrode,  which  implies 
contact  structures  are  different  from  each  other.  In  the  light 


of  the  fact  that  PZT  films  were  annealed  at  6S(PC  after 
deposition  on  the  bottom  electrode,  and  the  electrode 
was  deposited  on  PZT  with  no  annealing,  it  is  highly  possible 
that  an  interlayer  forms  between  PZT  and  bottom  electrode 
only.  Even  though  PZT/bottom  electrode  forms  higher 
potential  barrier  than  top  electrode,  it  gives  higher  Richard¬ 
son  constant,  which  results  in  higher  electron  emission  fiom 
bottom  to  PZT  than  fi'om  top  to  PZT. 
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Fig.  2.  Internal  Field  Effect  on  I-V 
Characteristics 
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Fig. 3. a  Temperature  Dependence  of- 
Leakage  Current  (Pt). 
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Fig.3.b  Temperature  Dependence  of 
Leakage  Current  (RuO^). 


The  conventional  breakdown  test  of  a  device  is  carried 
out  under  DC  electric  field  at  a  certain  temperature.  But  in 
ferroelectric  memory  applications,  alternating  pulses  are 
applied  to  devices  in  order  to  switch  their  polarization  state. 
In  this  case,  the  actual  breakdown  occurring  under  AC  pulses 
may  show  different  TDDB  results  from  those  under  DC  bias. 
Since  breakdown  test  under  such  AC  field  is  close  to  real 
service  conditions,  it  is  desirable  for  reliability  testing  to  run 
fatigue  test  until  breakdown  occurs.  In  general,  however, 
fatigue  test  takes  a  long  time  with  much  more  delayed  break¬ 
down  under  normal  conditions  such  as  at  room  temperature 
up  to  10"  cycles,  so  that  the  test  needs  to  be  accelerated 
controlling  frequency,  voltage,  temperature,  etc.  in  order  to 
save  testing  time.  An  example  of  accelerated  unified  test  for 
PZT  films  is  shown  in  Fig.  4,  where  TDDB  under  DC  voltage 
is  evaluated  by  testing  time  and  unified  fatigue/breakdown,  by 
test  cycles,  (^mparison  of  the  unified  tcot  between  Pi  and 
RuO,  electrodes  is  illustrated  in  Fig.  S,  where  PZT  films  with 
Pt  electrodes  show  fast  fatigue  with  sudden  breakdown  when 
samples  are  tested  by  IMHz  square  wave  at  200"C  and  ±7V. 
On  the  other  hand,  RuO,  shows  no  breakdown  up  to  10* 
cycles.  This  may  result  from  long  range  of  pre-breakdown  of 
PZT  films  on  RuO,  electrodes.  Even  though  electrical 
degradation  occurs  earlier  in  PZT  films  on  RuO^  it  does  not 
affect  polarization  as  long  as  the  current  level  is  still  low 
compared  to  the  polarization.  As  for  Pt  electrodes,  it  may 
show  longer  lifetime  than  RuO,  because  it  has  lower  electrical 
degradation  rate;  however,  fuse  effect  might  affect  polariza¬ 
tion  during  operation  even  if  if  is  not  the  real  dielectric  brea¬ 
kdown.  In  general ,  it  has  been  observed  that  once  PZT 
with  Pt  electrode  break  down  after  fatigue/breakdown  test,  it 
shows  permanent  failure,  which  means  that  the  sudden  in¬ 
crease  of  polarization  in  unified  test  for  PZT  with  Pt  elec¬ 
trodes  is  caused  by  real  breakdown.  It  is  possible  that  break- 
V.:  wn  has  been  accelerated  by  alternating  electrical  shock. 
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Fig.  4  Breakdown  Test  under  DC 
and  AC  Field. 
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Fig.  5  Unified  Test  for  PZT  Capacitors 
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As  pointed  out  in  fatigue  niechanisni[l,2],  PZT-electrode 
interface  tends  to  trap  vacancies  such  as  oxygen  vacancy 
because  of  mismatch  in  lattice  structures  between  PZT  and 
the  electrodes.  Then  vacancies  are  continuously  trapped  at 
the  interface  for  the  Pt  electrode  even  under  AC  field  be¬ 
cause  of  abrupt  transition  of  chemical  jxjtential  from  PZT  to 
Pt.  On  the  RuO.  forms  smoother  chemical  potential  transi¬ 
tion  in  that  sense  and  therefore  the  vacancies  can  move  back 
and  forth  under  alternating  voltage  stresses.  Vacancies  will 
move  mere  freely  from  PZT  to  RuO,  under  EXT  field  and 
gives  higher  electrical  degradation  which  might  be  related  to 
the  ionic  conduction;  however,  this  degradation  can  be  par¬ 
tially  healed  by  opposite  vacancy  movement  from  RuO.  to  the 
PZT  bulk,  which  can  delay  the  breakdown.  Similar  "healing 
effect"  by  vacancy  movement  has  been  reported  by  some 
authors[8]. 

Conclusions 

Following  results  are  obtained  from  this  research. 

1)  Leakage  current  of  PZT  capacitors  shows  Schottky 
emission  behavior. 

2)  Schottky  barrier  heights  are  asymmetric  between 
top  and  bottom  electrodes  probably  because  of  different  elec¬ 
trode  processing  conditions  during  capacitor  fabrication. 

3)  PZT  capacitors  with  RuO.  show  earlier  electrical 
degradation  than  those  with  Pt  electrodes  under  DC  electric 
field.  However,  films  on  RuO.  show  better  breakdown 
properties  under  AC  field  because  of  healing  effect  due  to 
better  lattice  match  between  PZT  and  electrodes. 
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Abstract 

Dielectric  properties  and  a.c.  conductivity  of  sol-gel  PZT 
thin  films  are  measured  at  frequencies  between  10  and  10®  Hz  and 
temperatures  between  25  °C  and  500  °C.  At  high  frequencies,  e.g. 
>  2  kHz,  a  maximum  is  observed  in  the  real  part  of  the  complex 
dielectric  constant,  which  corresponds  to  the  Curie  point.  However, 
at  low  frequencies,  e.g.  2(X)  Hz,  the  dielectric  constant  increases 
monotonically  with  temperature.  A  space  charge  blocking  model 
and  an  electric  charge  hopping  model  are  discussed  in  order  to 
explain  this  phenomenon.  Further  experimental  results  on  the 
frequency  dependence  of  dielectric  constant  and  a.c.  conductivity 
provide  additional  support  for  the  charge  hopping  model.  The 
activation  energy  of  a.c.  conductance  at  high  (Ql)  and  low  (Q2) 
temperature  ranges  are  obtained  by  fitting  the  data  with  formula 
^ac^^lO^'^'^^'*'  G2()e  Q2AT+  These  values  are  about  1.3 
ev  and  0.34  ev,  respectively,  and  have  the  relation  Q2=(l-n)Ql. 
Implications  are  discus.sed. 

Introduction 

The  ability  to  fabricate  ferroelectric  thin  films  has  brought 
about  extensive  research  on  macroscopic  electric  and  ferroelectric 
behavior,  such  as  fatigue,  retention  and  leakage  current.  These 
macroscopic  properties  directly  determine  the  performance  of  the 
ferroelectric  device.  It  is  commonly  believed  the  properties  are 
related  not  only  to  the  lattice  structure  of  the  film  material,  but  also  to 
other  microscopic  factors,  such  as,  electrode/ferroelectric  thin  film 
interface,  grain  and/or  domain  boundaries,  space  charges,  donor  or 
acceptor  dopants,  etc..  To  improve  the  performance  of  the  devices, 
it  is  very  important  to  understand  the  effects  of  the  microscopic 
features  mentioned  above  on  the  macroscopic  system  properties.  In 
this  paper,  we  concentrate  on  the  small  signal  ( low  applied  voltage) 
properties.  While  the  device  operate  at  high  applied  field,  they  are 
commonly  exposed  continuously  to  low  fields.  In  addition,  the  low 
field  properties  may  be  correlated  directly  to  the  microscopic  features 
mentioned  above. 

For  an  ideal  ferroelectric  bulk  material,  the  real  dielectric 
constant  u.sually  shows  a  peak  around  the  ferroelectric/paraelectric 
phase  transformation  temperature,  and  obeys  the  Curie-Weiss  law 
on  the  higher  temperature  side  of  the  peak  |1).  This  peak  is  an 
indication  of  the  phase  transformation.  However,  our  experimental 
results  of  sol-gel  PbZrxTii.x03  (  PZT  )  thin  films  showed  that 
.sometimes,  especially  at  low  frequencies,  the  peak  might  not  appear, 
instead,  the  real  dielectric  constant  monotonically  increased  with 
temperature.  The  monoionic  increase  has  been  observed  in  many 
dielectrics,  and  was  attributed  to  space  charge  blocking  effect  [2]. 
The  question  which  arises  is  whether,  for  the  PZT  thin  films,  the 
phenomenon  can  also  be  explained  with  the  space  charge  blocking 
effect  ,or  whether  an  alternative  mechanism  must  be  invoked.  In  the 
present  paper,  we  will  show  that  for  PZT  thin  films,  there  is 
difficulty  in  utilizing  the  space  charge  blocking  model  to  explain  the 
experimental  results.  An  alternative  model  will  be  discussed. 

Experimental 

The  sol-gel  PZT  thin  films  (  Zr/Ti  =53/47)  analyzed  in  this 
paper  were  provided  by  Raytheon  Corporation.  They  were 
deposited  onto  oxidized  silicon  substrates  with  about  1000  A  films 
of  Ti  and  Pt  serving  as  the  bottom  electrode.  The  PZT  film 
thickness  is  about  1700A.  Top  contacts  of  100xl00(p.m)2  area  were 
deposited  by  a  plasma  sputter  deposition  technique  with  lift-off 
photolithography.  Ferroelectric  hysteresis  loop  measurement 
revealed  good  ferroelectric  behavior. 


The  a.c.  conductance  and  complex  capacitance  were 
measured  by  an  HP4192A  Impedance  Analyzer.  The  temperature  of 
the  film  during  the  measurements  was  controlled  by  an  OMEGA 
mode  CN2010  temperature  controller.  The  whole  experimental 
system  was  controll^  by  an  HP9000/PC305  computer.  For  the  a.c. 
measurements,  the  signal  level  was  set  at  0. 1  V,  and  the  parallel 
circuit  mode  was  used. 

Results  and  Discussions 

Since  dielectric  constant  and  conductivity  are  directly 
proportional  to  the  capacitance  and  conductance  of  specimen 
capacitor,  respectively,  for  simplicity,  we  will  just  show 
capacitance  and  conductance  data  without  converting  to  the 
corresponding  dielectric  constant  and  conductivity.  Figure  1  shows 
the  real  pan  (C)  of  the  complex  capacitance  of  PZT  thin  film  vs. 
temperature  for  various  frequencies.  At  high  frequencies,  the 
capacitance  shows  a  wide  peak  around  the  Curie  temperature  of 
PZT,  which  indicates  the  ferroelectric/paraelectric  phase 
transformation  as  mentioned  before.  However,  at  low  frequencies, 
the  capacitance  increases  monotonically  with  temperature,  without 
showing  the  phase  transformation  peak.  The  increase  of  the 
dielectric  constant  with  temperature  at  low  frequencies  has  been 
observed  in  many  dielectric  bulk  materials  and  has  been  attributed  to 
space  charge  blocking  at  electrodes  [  2  ].  It  has  been  suggested 
that  high  signal  frequencies  be  used  to  avoid  this  space  charge 
blocking  effect  .  For  the  PZT  thin  films,  from  Fig.  1,  it  seems 
initially  that  the  observed  phenomena  can  be  explained  by  the  phase 
transformation  dominating  the  dielectric  behavior  at  high 
frequencies,  but  with  the  space  charge  effect  masking  the  peak  at 
low  frequencies.  However  further  experiments  discussed  below 
will  show  that  the  space  charge  effect  can  not  fully  account  for  all 
the  experimental  results.  Another  mechanism  must  be  invoked  to 
explain  the  results. 


Fig.  1  Real  part  of  complex  capacitance  as  funaions  of  temperature 
at  various  frequencies  for  sol-gel  PZT  thin  film. 


Before  proceeding  with  the  discussion,  it  is  relevant  to 
clarify  the  term  “space  charge  “  in  insulators. 

Space  charge  usually  appears  in  insulators,  semiinsulators 
and  semiconductors.  Since  PZT  is  an  insulator,  we  will  just  restrict 
the  discussion  to  insulators  in  the  present  paper.  The  general  term  “ 
space  charge  “  has  often  been  used  in  literature  without  specifying 
the  nature.  However,  it  can  have  several  different  meanings  based 
on  the  origin  of  the  charge.  It  can  be  roughly  classified  into  the 
following  categories: 

1)  The  charge  resulting  from  carriers  which  are  injected  from 
electrode  into  the  insulator  under  a  strong  electrical  field|  3  ). 


7X(H  (Mfo  IF-F.I-; 


22<) 


These  charge  carriers  are  usually  electronic.  The  charge 
carriers  distribute  in  the  insulator  nonuniformly.  If  the 
electrical  current  is  controlled  by  this  type  of  space  charge,  it 
follows  the  Langmuir-Child  law,  i.e.  1  =  b  V^,  where  I  and  V 
are  d.c.  electric  current  and  applied  voltage,  respectively,  b  is 
a  constant  [  3  |. 

2)  The  charge  within  the  depletion  region  which  results  from  the 
mismatch  of  the  Fermi  level  of  the  electrode  and  the  insulator, 
or  from  the  surface  stales  of  the  insulator.  This  kind  of  charge 
is  nonmobile.  This  is  the  case  of  the  so  called  Schottky 
contact  in  the  semiconductor  field  [  4  J. 

3)  The  charge  accumulated  around  grain  boundaries  in  some  ionic 
ceramic  materials  without  any  external  electric  voltage  applied. 
Since  the  energy  to  form  a  negatively  charged  cation  vacancy 
differs  from  that  of  positively  charged  anion  vacancy  on  grain 
boundary,  there  exists  an  excess  of  one  type  of  charge  which 
must  be  neutralized  by  opposite  charges.  These  opposite 
charges  distribute  around  the  grain  boundary,  forming  the 
space  charge  cloud  12). 

4)  The  charge  resulting  from  the  carriers  which  pile  up  in  the 
front  of  blocking  electrodes  or  other  blocking  interfaces,  e.g. 
grain  boundaries,  after  application  of  an  electric  field.  This 
effect  is  also  known  as  interfacial  polarization.  The  charges 
were  compensated  by  each  other  or  by  other  charges  in  the 
insulator  before  the  electrical  voltage  is  applied.  After  an 
electrical  voltage  is  applied,  the  carriers  with  positive  and 
negative  charges  migrate  in  opposite  directions  until  they  are 
stopped  by  the  blocks  mentioned  above,  forming  the  space 
charge  zone.  The  space  charge  blocking  effect  can  lead  to  the 
dispersion  of  the  real  dielectric  constant  at  low  frequencies, 
and  particularly  at  higher  temperatures  because  of  the  higher 
mobility  of  the  charge  carriers  (  2,5  J.  This  type  of  space 
charge  is  what  is  referred  to  in  the  space  charge  blocking 
model  mentioned  in  the  proceeding  sections.  In  the  following 
sections,  when  we  mention  space  charge,  it  will  always  mean 
this  type  of  space  charge. 

The  space  charge  blocking  effect  on  a.c.  conductivity  and 
dielectric  properties  has  been  intensively  studyed  theoretically  and 
experimentally  [  6,7  |.  The  basic  results  are  that  both  real  dielectric 
constant  £’  and  a.c.  conductivity  exhibit  a  step  like  change, 
similar  to  a  Debye  relaxation  behavior  as  depicted  in  Fig.2.  The  log- 
log  plot  of  e’  vs.  (OT  reveals  a  straight  line  with  a  slope  of  -2  in  the 
transient  frequency  range  (  7  |.  These  behavior  are  the 
characteristics  of  a  Debye  relaxation.  As  a  matter  of  fact,  the 
interfacial  polarization  can  be  simulated  by  a  capacitor  with  or 
without  leakage.  This  capacitor  is  connected  in  series  with  the 
ferroelectric  film  layer  which  is  usually  represented  by  a  parallel 
capacitor  -  resistor  unit  [  5,6  |  .  The  process  of  charging  to  this 
system  is  virtually  of  a  Debye  relaxation.  Figure  2  depicts 
theoretical  curves  of  the  real  ( t')  and  imaginary  (e")  parts  of  the 


Fig.2  Normalized  a.c.  conductivity  Oac,  real  (e')  and  imaginary 
(e")  parts  of  complex  dielectric  constant  of  an  ideal  Debye  relaxation 
as  functions  of  frequency.  Ae'  =e'-e  .  x  is  relaxation  time. 


complex  dielectric  constant  and  a.c.  conductivity  (  Oac)  vs. 
frequency  (cm)  of  an  ideal  Debye  relaxation.  Here  o)  is  angular 

frequency,  x  is  the  relaxation  time.  In  real  cases,  the  curve  may 
change  somewhat,  e.g.,  the  peak  may  be  widen.  However,  the 
relaxation  characteristics  ,  i.e.,  the  step  changes  of  Oac,  c‘  vs.  0)X 
and  the  peak  of  e”  vs.  art  remain  unchanged  (5-71. 

For  the  case  of  PZT  thin  films,  the  dielectric  propenies 
(complex  capacitance)  and  the  a.c.  conductance  Gac  tvere 
measured  as  functions  of  frequency  and  temperature  .  The  real  part 
C  of  the  complex  capacitance  vs.  frequency  at  various  film 
temperatures  are  shown  in  Fig. 3.  Being  consistent  with  Fig.  1,  the 
real  capacitance  at  high  temperatures  in  Fig.  3  show  a  strong 
dispersion  at  low  frequencies.  However,  the  characteristic  of  the 
space  charge  blocking  effect,  i.e.,  a  step  change  as  shown  in  Fig.2 
was  not  observed.  Figure  4  shows  a  plot  of  a.c.  conductance  vs. 
frequency  at  various  temperatures  for  the  same  specimen  analyzed  in 
Figs.  I  and  3.  No  step  change  like  that  shown  in  Fig.2  was 
observed  ,  either.  On  another  sol-gel  PZT  thin  film  from  an 
alternative  source,  we  once  measured  C  and  Gac  as  functions  of 
frequency  at  up  to  600  °C  and  at  down  to  5  Hz  ,  and  no  sign  of  the 
step  change  of  C  and  Gac  'verc  observed.  The  phenomena 
described  above  have  also  been  observed  in  laser  ablated  PZT  thin 
films  I  8  ].  These  experimental  results  could  not  be  explained  by 
the  space  charge  blocking  effect  alone. 


Fig.3  Real  capacitance  vs.  ff^ucncy  at  various  temperatures  for 
sol-gel  PZT  thin  film.  The  dispersion  at  high  temperatures  are 
obvious.  No  shoulder  as  shown  in  Fig.2  was  observed  down  to  5 
Hz  at  up  to  500  °C. 


10'  10®  10*  10^  10^ 
F(kHz) 


Fig.4  AC  conductance  of  a  sol-gel  PZT  thin  film  as  functions  of 
frequency  at  various  tcmperanircs.  At  lower  temperatures  (<  200 

°C),  Gac-tO"  at  frequencies  between  10  Hz  and  lOOkHz.  The  slope 
n  is  about  0.7  . 
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(2) 


By  further  inspection  of  Fig. 4,  some  interesting  features  can 
be  observed.  At  low  temperatures  (  <  300“C).  the  log-log  plot  of 
a.c.  conductance  exhibits  a  linear  behavior  in  10  '-10'2  kHz 
frequency  range.  At  high  temperatures  (>350°C),  a  component 
which  is  independent  of  frequency,  a  characteristic  of  d.c 
conduction  ,  becomes  dominant  at  low  frequencies.  Generally,  a.c. 
conductance  is  composed  of  two  parts,  i.e., 

Gac=GO'*^(^) 

where  Gq  is  the  frequency  independent  component  which 
predominets  at  high  temperatures  and  low  frequencies,  and  Gfoi)  is 
frequency  dependent  component  which  is  proportional  to  (i>"  and 
predominant  at  low  temperatures  and  high  frequencies.  The 
exponent  n  is  equal  to  the  slope  of  the  log-log  plot ,  and  was 
found  to  be  about  0. 6-0.8  in  our  sol-gel  PZT  thin  films. 
Comparing  Fig. 3  with  Fig. 4,  it  appears  that  the  strong  low 
frequency  dispersion  of  real  capacitance  is  related  to  the  frequency 
independent  component  Gq  -  This  implies  that  the  Gq  is  not  simply 
due  to  the  normal  d.c.  conduction  because  a  normal  d.c.  conduction 
does  not  contribute  to  any  polarization,  hence  to  the  dielectric 
constant . 

In  order  to  get  a  better  insight  into  the  mechanism  governing 
the  real  capacitance  and  conductance  behavior  analyzed  above, 
imaginary  part  (C")  of  the  complex  capacitance  was  calculated  from 
the  a.c.  conductance  by  using  the  formula  C”=(t)Gac  [  2  1.  A  log- 
log  plot  of  C"  vs.  F  for  various  film  temperatures  are  shown  in 
Fig.5.  The  first  noticeable  feature  is  that  there  is  no  peak  which  is 
one  of  the  characteristics  of  the  space  charge  blocking  effect. 
Secondly,  the  slope  of  the  straight  tine  of  logC”~log  F  at  high 
temperatures  and  low  frequencies  equals  - 1  which  is  the  natural 
result  of  the  frequency  independent  conduction. 

The  above-described  behavior  has  been  widely  observed  in 
so-called  charge  carrier  systems  [  9-111.  Jonschcr  performed 
extensive  analysis  of  a  great  deal  of  dielectric  data  for  a  large  number 
of  materials,  and  suggested  dividing  those  materials  into  two  types 
[11).  The  first  type  includes  the  materials  in  which  dipoles  play  a 
major  role  in  the  polarizing  process.  In  this  type  of  dipole  systems, 
dielectric  loss  peak  can  be  observed  in  the  frequency  spectrum. 
This  peak  is  due  to  the  dipole  reorientation  under  die  applied  electric 
fields.  The  second  includes  the  materials  in  which  hopping  charge 
carriers,  electrons  or  electronic  holes,  ions  etc.,  dominate  the 
polarizing  process.  For  this  type  of  charge  carrier  systems,  no 
dielectric  loss  peak  could  be  observed  even  at  the  lowest 
frequencies.  Instead,  a  strong  low  frequency  dispersion  of  real 
dielectric  constant  was  commonly  observed  [11].  Our  PZT  thin 
films  clearly  belong  to  the  second  type. 

Moreover,  Jonscher  al.so  recognized  that  the  dielectric 
behavior  of  the  charge  carrier  systems  usually  obey  a  “universal” 
power  law  of  the  form:  (  10  ] 


F(kHz) 

Fig.5  Imaginary  part  of  the  complex  capacitance  of  a  sol-gel  PZT 
thin  film  vs.  frequency  at  various  temperatures.  The  slope  at  500  °C 
and  400°C  at  low  frequency  range  are  - 1 . 


C’fto)-  (aVa\.)"l  l  l 

where  both  exponents  nj  and  n2  are  in  the  range  of  0  to  1.  to^  is 
thermally  activated  and  determined  by  hopping  distance,  activation 
energy,  temperature  and  other  parameters  (  12,13  J.  It  has  the  fonn: 

(3) 

where  is  a  characteristic  frequency  and  is  hopping  activation 
energy.  By  using  the  relation  between  a.c.  conductance  Gg^  and 
imaginary  capacitance  C’,  Eq.(l)  can  be  easily  derived  fromEq.2, 
i.e., 

Gac=<uC”  -  ogdo/oit)"  1  ■  *  -KoV(ut)**2'  * )  (4) 

In  the  special  case,  n]=0,  n2=n,  Eq.(4)  becomes 

Gac=ptat  +  p  («%)*■"  CD" 

=Go+G(0))  (5) 

where  p  is  a  constant,  Go=pti>c’=P®e®’^*^^'  '^hich  is  frequency 
independent  component  with  an  activation  energy  of  Eg; 
G(to)=Aa)'’,  which  is  frequency  dependent  component.  Here  A  is 
independent  of  frequency,  but  dependent  on  temperature  in  the 
form 

A  =p(0)c)  •  ■"  =p«e  1  -n  e-(  1  -n)EaAT  (6) 

Obviously,  the  apparent  activation  energy  ( 1  -n)Ea  of  G(a))  is  much 
smaller  than  the  activation  energy  of  Gq. 

In  order  to  confirm  the  validity  of  Eq.(5)  to  our  PZT  thin 
films,  the  activation  energy  of  the  frequency  dependent  and 
independent  components  were  measured  by  fitting  the  curve  of  the 
a.c.  conductance  vs.  reciprocal  of  temperature  using  the  equation  : 

Gac=Gioe-QlAT  +  G20C-<?2^T+  g„  (7) 

where  the  first  and  second  terms  correspond  to  Go  and  G((a)  in 
Eq.(l)  or  Eq.(5),  respectively.  Qj  and  Q2  are  the  corresponding 
activation  energy.  G^f  is  a  temperature  independent  but  frequency 
dependent  parameter  which  needs  to  be  introduced  to  get  a  good 
fitting.  It  is  not  clear  at  this  time  whether  G^f  has  any  physical 
meaning  ,  e.g.  a  representation  of  some  temperature  insensitive 
conduction  processes,  or  not  at  all.  In  any  case,  the  first  two 
terms  are  the  main  object  of  the  discussion  here. 

Figure  6  shows  the  a.c.  conductance  vs.  reciprocal  of  the 
film  temperature  for  three  different  frequencies.  The  data  was 
obtained  on  cooling.  In  the  later  period  of  measurements,  i.e.,  at 
lower  temperatures,  good  contact  between  the  electrical  probe  tip 
and  the  top  Pt  contact  on  the  VLJ  film  could  be  broken  due  to  a 
thermally  induced  contraction  of  the  probe  tip.  Therefore,  the  probe 
tip  needed  to  be  relocated  on  the  Ih  contact  whenever  a  break 
occurred.  The  relocation  of  the  electrical  probe  tip  may  be 
responsible  for  the  abnormal  abrupt  changes  observed  in  Fig.6, 
especially  on  the  curve  of  0.2  kHz.  In  the  figure,  the  solid  lines 
are  the  fitting  curves.  The  fitting  is  very  good  at  20  kHz  and  2  kHz. 
At  0.2  kHz,  because  the  conductance  value  is  in  the  vicinity  of  the 
sensitivity  of  instrument,  and  also  because  of  the  above-mentioned 
probe  tip  relocation,  the  data  deviates  from  the  fitting  curve.  It  is 
relevant  to  notice  that  the  curve  section  in  the  high  temperature 
range  and  low  frequencies  is  the  frequency  independent  component, 
while  the  less  temperature  sensitive  part  is  the  frequency  dependent 
part.  Table  I  shows  the  activation  energy  obtained  from  the  fitting. 
Taking  0.72  as  an  average  value  of  n  obtained  from  the  curves  of 

G(a))  vs.  F  at  low  temperatures  in  Fig. 4,  it  can  be  seen  from  the 
table  that  the  relation  Q2=(l-n)Qi  is  valid  within  experimental  error 
at  the  tested  frequencies.  Therefore,  it  is  very  likely  that  the  a.c. 
conductance  and  the  dispersion  behavior  described  in  the  present 
paper  are  mainly  governed  by  electrical  charge  hopping  mechanism. 
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Fig.6  AC  conductance  vs.  1000/T  at  three  different  frequencies. 
The  cycles,  squares  and  triples  are  experimental  data.  The  solid 
lines  arc  fitting  curves  utilizing  Eq.(7).  The  deviation  of  the 
experimental  points  from  the  fitting  curve  at  low  temperatures  on 
the  0.2  kHz  curve  is  an  artifact. 


Table  I  The  activation  energy  of  the  two  components  of  a.c. 
conductance  at  three  different  frequencies  obtained  by  fitting 
Gac~l/T  in  Fig.6  using  Eq.(7). 


F(kHz) 

Ql(ev) 

Q2(ev) 

0.2 

1.3 

0.33 

2 

1.3 

0.34 

20 

1.2 

0.36 

Conclusions 

1 .  At  high  frequencies,  phase  transformation  peak  of  real  dielectric 
constant  was  observed.  At  low  frequencies,  real  dielectric 
constant  monotonically  increases  with  temperature.  Space  charge 
blocking  model  and  electric  charge  hopping  model  are 
discussed.  The  latter  is  more  likely  the  mechanism  governing  the 
observed  phenomena. 

2.  Similar  to  that  in  laser  ablation  PZT  thin  films,  a  strong  low 
frequency  dispersion  of  real  dielectric  constant  was  observed  at 
high  temperatures,  which  is  closely  rek;ed  to  a  d.c.  component 
of  a.c.  conductivity. 

3.  The  a.c.  conductance  at  high  temperatures  are  much  more 
sensitive  to  temperature  than  that  at  low  temperatures.  The 
activation  energy  Qj  at  high  temperatures  is  about  1.3  ev.  The 
apparent  activation  energy  Q2  at  low  temperatures  is  about  0.35 
ev.  Qi  and  Q2  have  the  relation  of  Qi=(l-n)Q2-  Here  n  is  the 

exponent  in  the  formula  Gfto)  -  (o",  which  was  found  to 
dominate  at  low  temperatures.  Electric  charge  hopping  model 
was  employed  to  interpret  these  phenomena. 
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A  new  and  simple  method  is  described  for  measuring 
the  quadratic  electro-optical  (E-0)  coeffecients  of 
thin  ferroelectric  PLZT  films.  A  magneto-optical  modu¬ 
lator  is  positioned  between  a  polarizer  and  analyzer  in 
the  conventional  measurement  system  for  E-0  coefficient 
The  polarization  state  of  light  passing  through  the 
magneto-optical  modulator  will  be  modulated  due  to 
Faraday  effect.  The  proposed  technique  measures  phase 
retardation  shift  through  determing  the  frequency 
change  of  the  modulated  light.  The  main  error  of  the 
measuring  system  comes  from  reading  goniometers  with 
precision  of  10”^  radiant.  So  measurable  retardation  of 
optical  path  is  the  cider  of  a  few  Angstroms.  The 
expermental  results  are  present  with  thin  ferroelectric 
PLZT  films  made  by  magnetron  sputtering.  The  quadratic 
E-0  coefficient  of  PLZT  films  varies  in  the  range  of 
0.1X10'^“  to  1 .0X10“!^ (m/v) ^  depending  on  the  sputter¬ 
ing  conditions. 


Introduction 

Though  PLZT  ferroelectric  ceramics  have  been  applied 
to  electro-optic  devices  for  many  years[l,21,  increas¬ 
ing  interest  are  focused  on  the  PLZT  thin  films  due  to 
its  unique  properties:  fast  response  speed,  low  drive 
voltage  and  great  potential  for  integrated  optic  de¬ 
vices  on  Si  or  GaAs.  One  of  the  most  favorable  mater¬ 
ials  is (28/0/100) PLZT  which  has  been  successfully  pre¬ 


pared  on  various  substrates  such  as  Al203,SrTi03  and 
Class  (3-5)  by  using  various  techniques.  Most  reports  on 
PLZT  thin  film  concerned  the  preparation  processes  and 
structure  analysis,  but  few  dealt  with  the  measurement 
technique  of  electro-optic  property [3,6] .  This  is  due 
to  the  fact  that  the  phase  retardation  caused  by  the 
field-induced  birefrigence  of  PLZT  film  is  so  small 
that  it  is  quite  difficult  to  measure  it  using  conven¬ 
tional  ellipometric  method.  It  is  therefore  important 
how  to  determine  the  small  phase  retardation  precisely. 
Adachi  et  al[3)  proposed  an  ellipometric  technique  in 
which  the  phase  retardation  shift  was  detemined  through 
a  Wollaston  prism  to  divide  the  linear  polarizer  light 
into  two  crossed  polarized  components.  And  Wang  et  al 
16)  developed  a  phase  modulating  technique  by  a  photo¬ 
elastic  modulator.  We  present  a  OKgre  simple  and  precise 
technique  to  determine  small  phase  retardatio  shift  of 
PLZT  ferroelectric  thin  film  using  a  magneto-optic  mo¬ 
dulator  based  on  Faraday  effect. 


Measurement  System 

As  Icnown,  the  transmitted  intensity  1(a),  where  a  is 
the  angle  between  a  polarization  direction  of  polarizer 
and  an  ctnalyzer,  varies  as  cos^O: 

2 

l(a)«lQCOS  a. 


(b) 

Fig.l.  Bloc)^  diagram  (a)  and  photo  (b)  of  measuring  electrc 
optic  coefficient  of  ferroelectric  thin  film 
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where  Iq  is  the  maximum  output  light  intensity  at  0=0” 
Now  a  magneto-optic  (M-0)  modulator  is  positioned  be¬ 
tween  the  polarizer  and  analyser.  The  M-0  modulator  is 
made  from  a  YAG  crystal.  When  an  alternating  signal  of 
frequency  a)  is  applied  to  M-0  modulator,  the  polariza¬ 
tion  direction  of  polarized  light  passing  through  the 
M-0  modulator  will  deflect  an  angle  0=(:icosu)t  due  to 
Faraday  effect(7),  where  6g  is  maximum  deflection  at 
u)=0.  We  have 


I (a-0 ) =Iqcos^ (a-0 )  . 


The  modulating  signal  is  small  enough  to  satisfy  the 
approximation:  cos0=l  and  sin6=6.  This  leads  to 
cos (a-0) =cosa+6sina  and 


I  {a-6)  =Iq  [  (cos^a+l/26§sin^a)  +6gsin2acosojt 
-J9^sin^acos2(jjtl 


The  modulated  light  have  a  dc  and  two  ac  components 
with  the  fundamental  and  the  double-frequency.  In  the 
case  of  a=90®(i.e.  the  polarizer  and  analyzer  is  cross¬ 
ed)  ,  the  fundamental  frequency  compxanent  is  extinguised 
cind  the  output  intensity  is  only  modulated  by  the  dou¬ 
ble-frequency  of  the  modulation  signal.  Now  if  a  sample 
with  very  small  phase  retardation  is  positioned  between 
the  crossed  polarizer  and  analyzer,  a  will  be  changed, 
resulting  in  recurrence  of  the  fundamental  frequency 
component.  This  is  a  very  sensitive  system  to  determine 
the  small  phase  retardation  shift. 

Our  experimental  set-up  is  shown  in  Figure  1.  The 
light  source  S  is  a  Imw  He-Ne  laser  at  the  wavelength 
of  6328A.  The  transmission  axes  of  two  crossed  polariz¬ 
ers  (P  and  A  respectively  in  Fig.l)  are  at  45“  to  the 
applied  electric  field  to  PL2T  film.  The  analyzer  A  is 
mounted  on  goniometer  with  precision  of  0.001“.  The 
modulating  frequency  of  M-0  modulator  is  ta)cen  to  be 
IKHz  and  the  signal  received  by  a  photomultiplier  tube 
(PMT)  transmits  to  a  loclt-in  amplifier  as  well  as  an 
oscillator  which  are  used  for  monitoring  the  compjonent 
of  the  recurring  fundamental  and  the  bac)tground  double¬ 
frequency.  The  monitoring  is  essential  for  precise 
determination  of  vanishing  or  appering  of  the  fundamen¬ 
tal  frequency  signal.  Once  the  fundamental  frequency 
recurs,  the  analyzer  is  rotated  by  an  angle  6  to 
achieve  null-extingnishing.  The  birefrigence  shift 
A  (An)  is  expressed  as 


A(An)=Xo8/TTd, 

where  is  the  wavelenth  of  the  incident  light  and  d 
is  the  thic)cness  of  the  film.  In  this  measurement  sys¬ 
tem  there  is  no  contribution  from  instcibility  of  light 


source  and  background  intensity  due  to  the  optical 
system  or  the  sample.  The  retardation  shift  as  small 
as  1X10'^  radiant  can  be  detected.  The  error  of  the 
measurement  system  comes  from  reading  of  goniometer. 
We  adopt  a  reading  device  with  a  precision  of  0.001“. 


Electro-optic  Coefficient  of  PLZT  Film 

The  PLZT(28/0/100)  thin  films  were  depo_ited  in-situ 
on  glass  substrate  by  RF  magnetron  sputtering  from  a 
powder  target  [8] .  The  film  was  colourless  and  trans¬ 
parent.  Its  transmittance  was  about  80%  in  visible  re¬ 
gion.  The  thickness  of  film  was  ah)Out  4000X.  The  narrow 
gap(0.4mm)  electrodes  of  gold-chromium  were  evaporated 
on  surface  of  the  PLZT  film.  An  electric  field  was 
applied  perpendicularly  to  PLZT  film.  Figure  2  shows 
the  measured  results  of  the  birefrigence  shift  as  a 
function  of  electric  field  applied  to  a  PLZT(28/0/100) 
film  using  the  M-0  modulating  technique.  The  calculated 
electro-optic  coefficient  R  is  in  a  range  of  0.1X10”^^ 
to  1.0X10“^® (m/v) ^  depending  on  the  sputtering  condi¬ 
tions. 


ConclusicMis 

A  new  and  simple  technique  using  a  M-0  modulator 
based  on  Faraday  effect  is  proposed  for  measuring  the 
electro-optic  coefficient  of  ferroelectric  PLZT  thin 
films.  The  proposed  technique  measures  phase  retarda¬ 
tion  shift  through  determing  the  frequency  change  of 
the  modulated  light.  It  is  a  very  sensitive  and  precise 
method  for  used  evaluation  in  ferroelectric  film 
electro-optic  effect.  There  is  no  contribution  from  in¬ 
stability  of  light  source,  optical  pathway  and  back¬ 
ground  intensity  due  to  the  optical  system,  surround¬ 
ing  or  sample.  It  enable  hence  the  precise  measurement 
of  very  small  shift  of  phase  retardation.  The  main 
error  of  the  technique  comes  from  reading  deflection 
angle.  A  reading  device  with  precision  of  10"^  radiant 
was  adopted.  We  succeeded  in  measuring  the  electro¬ 
optic  properties  of  other  ferroelectric  thin  films. 
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The  transverse  electrooptic  effect  was  observed  in 
solution  coated  lead  zirconate  thin  films.  The  electric- 
field-induced  birefnngent  shift  exhibited  a  characteristic 
response  which  differed  from  the  normal  butterfly-like 
loops  for  ferroelectric  materials.  The  observed  unique 
response  in  lead  zirconate  thin  films  was  related  to  their 
antiferroelectric  nature  and  the  electric-field-induced 
antiferroelectric-ferroelectric  phase  transition.  The 
possible  applications  of  the  materials  for  optical  memory 
are  discussed. 


latrodttCtiQD 

Ferroelectric  (FE)  thin  films,  owing  to  their  high 
dielectric  constant  and  two  electrically  switchable 
remanent  states,  have  attracted  great  interest  for  the 
development  of  nonvolatile  memory  devices  and  other 
applicationsL2.  A  variety  of  ferroelectric  materials  are 
also  known  to  possess  transverse  electrooptic  properties, 
i.e.  the  electric-field-controlled  birefringence;  however, 
ferroelectric  switching  (polarization  reversal  with  an 
electric  field)  has  not  proved  equally  useful  in  integrated 
optical  and/or  optoelectronic  devices.  To  facilitate  an 
optical  memory  function  in  optoelectronic  devices,  it  is 
desirable  for  the  waveguide  materials  to  possess  two 
electrically  switchable  birefringent  states.  However,  the 
two  remanent  polarization  states  are  not  distinguishable 
for  the  index  ellipsoid  in  ferroelectric  materials. 
Therefore,  it  is  not  feasible  to  realize  optical  memory  in 
ferroelectric  materials  by  switching  between  the  two 
remanent  polarization  states. 

Recently  the  transverse  electrooptic  effects  in 
antiferroelectric  (AFE)  lead  zirconate  (PbZrOa)  thin 
films  were  observed^.  The  electric-field-induced 
birefringent  shift  in  the  lead  zirconate  thin  films  showed 
a  characteristic  response  not  exhibited  in  ferroelectric 
materials.  The  unique  electrooptic  response  in  the 
antiferroelectric  thin  films  was  found  to  stem  from  the 
electric-field-induced  antiferroelectric-ferroelectric 
phase  transition.  Besides  its  importance  as  a 
fundamental  material  property,  the  transverse 
electrooptic  effect  in  the  antiferroelectric  thin  films  may 
also  furnish  a  mechanism  for  optical  memory  in 
optoelectronic  devices.  In  this  report  the  latest 
measurements  of  the  transverse  electrooptic  properties 
in  antiferroelectric  lead  zirconate  thin  films  are 
presented. 


fijtpfirimental  Method 

Lead  zirconate  thin  films  were  deposited  onto 
fused  silica  and  Pt/Ti  coated  silicon  substrates  by  a 
solution  coating  technique  from  an  acetate  precursor^-^. 
The  antiferroelectric  crystal  structure  of  the  resultant 
thin  films  was  confirmed  by  the  appearance  of  the  X-ray 
diffraction  peak  at  26“  =  16.9,  characterizing  the 
antiferroelectric  double  cell  structure.  For  the  measure¬ 
ment  of  the  dielectric  properties  of  the  materials,  copper 
dots  were  evaporated  onto  the  thin  films  deposited  on  the 
Pt/Ti-coated  silicon  substrate.  For  the  detection  of  the 
transverse  electrooptic  properties,  copper  intedigitated 
electrodes  with  gap  widths  ranging  from  5  to  40  pm  were 
deposited  on  top  of  the  thin  films  grown  on  the  fused 
silica  substrates. 

The  electric-field-induced  birefringent  shift  of  the 
thin  film  was  measured  by  means  of  a  phase-detection 
technique®,  using  a  He-Ne  laser  of  wavelength  of  632.8 
nm  as  the  light  source.  The  phase  modulation  of  the 
incident  light  was  provided  by  means  of  a  modulator. 
The  measurements  were  performed  with  a 
transmission  mode.  In  the  phase  detection  scheme,  the 
amplitude  of  the  output  signal  (from  a  lock-in  amplifier) 
at  the  modulating  frequency  was  directly  proportional  to 
the  phase  retardation  of  the  sample,  provided  that  the 
total  phase  retardation  of  the  sample  was  sufficiently 
small.  A  slow  varying  dc  voltage  was  applied  to  the 
interdigitated  electrodes  during  the  measurement.  An 
optical  compensator  was  used  to  calibrate  the 
measuring  system. 

Results  and  Discussion 

A  typical  electrooptic  response  of  the  lead 
zirconate  thin  film  is  shown  in  Figure  1  where  the 
birefringent  shift  of  the  thin  film  is  plotted  as  a  function 
of  the  slow  varying  dc  electric  field.  The  thickness  of  the 
film  was  1  pm.  Interdigital  electrodes  with  a  gap  width 
of  10  pm  was  used  in  the  measurement.  As  shown  in 
the  figure,  the  electrooptic  response  of  the 
antiferroelectric  thin  film  exhibits  a  number  of  features 
different  from  that  of  ferroelectric  materials.  For  the 
purpose  of  comparison,  a  typical  birefringence  verses  E- 
field  curve  for  a  ferroelectric  thin  film,  i.e.  PLZT'^  of 
composition  2/55/45,  is  shown  in  Figure  2.  The 
birefringence  verses  E-field  curve  for  the  lead  zirconate 
thin  film  is  characterized  by  (1)  enhanced  hysteretic 
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Figure  1  Measured  birefringent  shift  as  a  function  of 
the  external  dc  electric  field  for  a  lead  zirconate  thin 
film  deposited  on  a  fused  silica  substrate. 


Figure  2  Measured  birefringent  shift  as  a  function  of 
the  external  dc  electric  field  for  a  ferroelectric  PLZT 
thin  film  deposited  on  a  sapphire  substrate. 


behavior  in  the  region  of  field  strength  above  10  kV/mm, 
(2)  diminished  hysterestic  behavior  in  the  region  of  field 
strength  below  5  kV/mm  and  (3)  rapid  increase  of  the 
slope  when  the  increasing  electric  field  exceeds  20 
kV/mm.  It  was  found  that  the  characteristic  response 
of  the  lead  zirconate  thin  films  was  attributed  to  the 
electric-field-induced  AFE-FE  structural  transition^. 

With  the  help  of  a  phenomenological  model,  the 
correlation  between  the  field-induced  birefringent  shift 
of  a  material  and  electric  polarization  P(E)  can  be 
described  by  the  following  relation: 

An  oc  [  E -h  pP(E)]2,  (1) 

where  P  is  a  constant  dependent  on  the  crystal  structure 
of  the  material  {4jt/3  for  cubic  structure).  The  main 
features  for  the  electrooptic  response  of  the  lead 
zirconate  thin  films  shown  in  Figure  1  are  consistent 
with  those  predicted  from  the  dielectric  properties 
(double  hysteresis  loop)  by  using  relation  (1). 


To  better  understand  the  nature  of  the 
antiferroelectric  lead  zirconate  thin  films,  a  static  bias 
electric  field  was  applied  to  the  thin  film  material  in  both 
the  dielectric  and  electrooptic  measurements.  Thin 
films  deposited  on  the  Pt/Ti  coated  silicon  substrates 
were  used  for  the  measurement  of  the  dielectric 
behavior.  With  the  increase  of  the  dc  bias,  the 
polarization  versus  E  field  curve  of  the  lead  zirconate 
thin  film  gradually  evolves  from  a  double  hysteresis  loop 
to  a  single  hysteresis  loop.  As  shown  in  Figure  3,  under 
an  appropriate  bias  field,  the  shape  of  the  biased  single 
hysteresis  loop  very  much  resembles  the  normal 
hysteresis  loop  for  ferroelectric  materials.  Unlike  the 
ferroelectric  materials,  however,  the  two  remanent 
states  in  the  biased  single  hysteresis  loop  (denoted  by  Pa 
and  Pb  in  Fig. 3)  possess  polarizations  of  different 
magnitude,  which  produce  two  distinguished 
birefringent  states  in  the  thin  films.  These  two 
birefringent  states  are  clearly  represented  in  the  biased 
birefringence  verses  E-field  curve,  as  shown  in  Fig. 4, 
measured  from  a  lead  zirconate  thin  film  grown  on  a 
fused  silica  substrate.  A  static  bias  field  of 
approximately  17  kV/mm  was  applied  during  the 
measurement.  It  is  obvious  that  the  two  distinguished 
remanent  birefringent  states  AnA  and  Ane  are 
associated  with  the  two  remanent  polarization  states  Pa 
and  Pb  in  the  biased  single  hysteresis  loop  shown  in 
Figure  3.  It  should  be  noted,  however,  that  to  avoid  the 
breakdown  of  the  electrodes  through  the  air,  the  bias 
electric  field  and  the  scan  range  are  lower  in  the 
measurement  of  the  electrooptic  properties  than  in  the 
measurement  of  the  dielectric  property.  In  addition, 
because  these  two  measurements  involve  thin  films 
deposited  on  two  different  types  of  substrates  with 
different  directions  of  applied  electric  field,  quantitative 
correlation  between  these  two  measurements  is  not 
possible. 


Figure  3  Dielectric  properties  of  a  lead  zirconate  thin 
film  grown  on  a  Pt(Ti-coated  silicon  substrate,  taken 
under  a  static  bias  field  of  29  kV/mm.  The  insert  is  a 
hysteresis  loop  of  the  same  sample  taken  with  zero  bias 
field.  The  horizontal  and  vertical  scales  for  the  insert 
plot  are  25  kV/mm  per  division  and  30.2  pC/cm^  per 
division,  respectively. 
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Figure  4  Birefringent  shift  as  a  function  of  the  slow 
varying  external  field  measured  with  a  dc  bias  field  of 
17  kV/mm  for  a  lead  zirconate  thin  film  on  a  fused 
silica  substrate. 


It  was  found  that  the  lead  zirconate  thin  films 
acquired  a  permanent  birefringence  once  an  initial 
electric  field  of  sufficient  magnitude  was  applied. 
Shown  in  Figure  5  is  the  birefringent  shift  of  a  lead 
zirconate  thin  film  as  a  function  of  the  slow  varying 
external  electric  field  recorded  during  the  first  few 
cycles  of  the  field  scan.  In  the  first  half  cycle  of  the  field 
scan,  the  birefringence  of  the  material  drastically 
increased  when  the  increasing  electric  field  exceeded 
approximately  16  kV/mm.  When  the  external  electric 
field  was  reduced  to  zero,  the  material  retained  a 
significant  remanent  birefringent  shift.  During  the  next 
few  scan  cycles,  this  remanent  birefringence  kept 
increasing  yet  the  increment  was  smaller  and  smaller 
after  each  cycle.  A  stable  remanent  birefringence 
(permanent  birefringence)  was  finally  reached  as  shown 
previously  in  the  birefringence  versus  E-field  curve  of 
Figure  1.  The  stable  remanent  birefringent  state,  under 
zero  external  electric  field,  was  chosen  as  the  zero- 


Figure  5  The  evolution  of  the  electrooptic  response  of  a 
lead  zirconate  thin  film  on  a  fused  silica  substrate 
during  the  first  few  cycles  of  the  electric  field  scan. 


birefringence  point  in  plotting  both  Figure  1  and  Figure 
4.  After  testing  a  few  lead  zirconate  thin  film  samples, 
it  was  found  that  this  initiating  process  of  the  material 
was  reproducible. 

The  observed  permanent  birefringence  in  the 
antiferroelectric  thin  films  mentioned  above  may  be 
related  to  other  types  of  memory  behavior  previously 
observed  in  antiferroelectric  lead  zirconate  materials®. 
A  possible  explanation  for  this  birefringence  memory  is 
that  when  the  AFE-FE  phase  transition  occurred  under 
a  sufficiently  high  electric  field  the  ferroelectric  domains 
are  forced  to  align  along  the  direction  of  the  E-field; 
although  the  structure  of  antiparallel  dipoles  was 
restored  after  the  withdrawal  of  the  external  E-field,  the 
antiferroelectric  dipoles  remained  preferentially  aligned 
in  the  direction  along  which  the  E-field  was  previously 
applied.  Such  an  explanation  for  the  birefringence 
memory  is  supported  by  an  optical  study  of  the  lead 
zirconate  crystal  which  showed  that  the  index  of 
refraction  is  the  smallest  for  the  light  polarized  along 
the  a  axis  of  the  antiferroelectric  unit  cell®.  This 
mechanism  of  birefringence  memory  is  distinguished 
from  that  of  ferroelectric  materials  where  birefringence 
memory  is  mainly  caused  by  the  remanent  polarization. 

The  characteristic  electrooptic  response  of  the  lead 
zirconate  thin  films  may  furnish  a  means  of  realizing 
optical  memory  in  optoelectronic  devices.  Two  different 
mechanisms  may  be  utilized  in  optical  memory  devices. 
In  the  first  type  of  memory,  the  information  may  be 
stored  in  a  virgin  material  by  applying  a  sufficiently 
high  electric  field.  After  the  withdrawal  of  the  electric 
field,  as  shown  in  Figure  5,  the  thin  film  material 
becomes  permanently  oriented  and  possesses  a 
permanent  birefringence  of  approximately  1.3  10  ®.  The 
second  type  of  memory  is  associated  with  the  two 
distinguished  birefringent  states  of  the  thin  film 
materials  in  the  presence  of  a  bias  electric  field  as 
shown  in  Figure  4.  Because  these  two  birefringent 
states,  AnA  and  Ans,  are  produced  by  the  two  remanent 
states  of  polarization.  Pa  and  Pb,  of  the  material,  they 
are  stable  under  the  bias  field.  The  merit  of  the  second 
type  of  memory  is  that  the  two  birefringent  states  are 
electrically  switchable.  For  example,  a  TIR  switch^® 
made  of  the  antiferroelectric  thin  film  would  allow  the 
inter-switching  of  the  light  between  the  two  waveguide 
channels  by  electric  pulses  of  opposite  polarities, 
operated  under  a  static  bias  field.  Such  a  switch  is  not 
possible  with  ferroelectric  materials  in  which  the  two 
remanent  polarization  states  are  optically  equivalent. 

Conclusions 

The  transverse  electrooptic  property  of  the  solution 
coated  lead  zirconate  thin  film  exhibits  a  characteristic 
response  which  is  attributed  to  the  electric-field-induced 
antiferroelectric-ferroelectric  phase  transition.  Under 
an  appropriate  static  bias  electric  field,  the  material 
possess  two  distinguishable  birefringent  states 
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associated  with  the  two  remanent  polarization  states  of 
the  material.  The  thin  films  were  also  found  to  acquire 
a  permanent  birefringence  once  a  sufficiently  high 
electric  field  was  applied  to  the  virgin  materials. 

Two  types  of  mechanisms  are  proposed  for 
utilizing  the  antiferroelectric  thin  films  for  optical 
memory  in  optoelectronic  devices.  The  first  type  of 
memory  makes  use  of  the  permanent  orientation  of  the 
material  induced  by  an  initial  electric  field.  The  second 
type  of  memory  involves  the  inter-switching  between  the 
two  distinguishable  birefringent  states  of  the  material 
under  a  bias  field  with  electric  pulses. 
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Abstract 

A  static  I-V  measurement  method  for  ferroelectric  thin  films 
was  developed  to  distinguish  the  leakage  current  from  the  switching 
current.  The  initial  polarization  state  and  the  exponential  decay 
behavior  of  the  switching  current  were  considered  in  this  method. 
The  fatigue  effects  on  sol-gel  derived  PZT  thin  films  were  analyzed 
using  this  I-V  measurement  method.  Changes  in  polarization  due  to 
the  bipolar  stress  were  correlated  with  the  changes  in  the  switching 
current  and  the  leakage  current.  No  degradation  was  found  due  to 
unipolar  cycling. 

I.  INTRODUCTION 

Ferroelectric  materials  have  propenies  useful  for  non-volatile 
memories  and  dynamic  random  access  memories  (DRAMs).  Non¬ 
volatile  memories  use  the  hysteresis  behavior  of  the  polarization 
versus  the  electric  field.  The  one-transistor/one-capacitor  DRAM 
cell  can  be  implemented  by  replacing  the  conventional  silicon 
dioxide  with  a  ferroelectric  thin  film  having  a  high  dielectric  constant 
[1].  In  these  applications,  the  quality  of  films  is  generally 
characterized  by  the  charge  storage  capability.  Even  though  the  static 
current,  such  as  the  leakage  current,  is  clo-sely  related  to  the  charge 
storage  capability,  not  many  studies  have  been  performed  on  the 
static  current.  In  this  paper,  a  static  current-voltage  measurement 
method  is  developed  to  distinguish  the  leakage  current  from  the 
switching  current.  Fatigue  effects  on  the  lead  zirconate-titanate 
(PZT)  thin  films  are  examined  in  terms  of  the  variation  in  the  static 
currents.  Based  on  these  results,  the  degradation  mechanism  due  to 
the  fatigue  is  discussed. 

n.  Experimental  procedures 

A.  Review  on  the  Switching  Current 

The  switching  current  of  a  ferroelectric  capacitor  is  generally 
measured  by  means  of  a  modified  Sawyer-Tower  circuit  using  a 
small  (typically  10  -  10,000  Q)  resistor  in  place  of  a  linear  capacitor 
as  shown  in  Fig.  1  (a)  [2,  3].  Because  of  the  hysteresis  behavior,  the 
transient  responses  to  the  same  input  signal  are  different  for  the 
different  initial  polarization  states.  For  the  positive  step  voltage,  the 
response  of  the  initially  negatively  poled  capacitor  is  defined  as  a 
full-switching  current,  while  that  of  the  initially  positively  poled 
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capacitor  is  defined  as  a  non-switching  current  as  shown  in  Fig.  1 

(b). 

Fig.  2  shows  the  experimental  full-switching  and  non-switching 
currents.  These  switching  currents  were  measured  by  applying  a  ±  6 
V  bipolar  or  a  0  to  6  V  unipolar,  SO  Hz,  square  wave  to  the 
nnodified  Sawyer-Tower  circuit  with  a  100  SI  resistor.  If  a  positive 
step  voltage  is  applied  to  a  ferroelectric  capacitor  with  an  initial 
polarization  state  of  the  negative  remanent  polarization  (-Pj-)  and 
switches  the  capacitor  to  the  positive  maximum  (xtlarization 
('t'l’max).  the  full-switching  current  consists  of  an  initial  spike  due 
to  charging  the  linear  dielectric  and  a  fdlowing  humped  curve  due  to 
switching  the  non-linear  dielectric  [4]. 


(a)  A  modiFied  Sawyer-Tower  circuit 

(b)  A  hysteresis  curve  and  the  definition  of  a  full-switching  and  a 
non-switching  current 


Fig.  2  Switching  current  of  a  PZT  capacitor 

(a)  Full-switching  current  from  -Pni«  to  Pn,*, 

(b)  Non-switching  current  from  +P,  to  Pfn«x 

In  this  experiment,  because  the  bipolar  square  wave  switches  the 
capacitor  immediately  from  -Pmax  (negative  maximum 
polarization)  to  +Pmax.  instead  of  from  -Pr  to  +Pmax.  the  full¬ 
switching  curve  obtained  here  shows  a  larger  initial  spike  than  that 
seen  in  the  traditional  measurement  [4).  The  comparison  of  the 
experimental  full-switching  and  non-switching  current  shows  that 
switching  with  the  complete  polarization  reversal  takes  longer  time 
than  that  with  the  partial  polarization  reversal.  Both  switching 
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currents  decay  exponentially  at  the  end  of  the  switching  process. 
Therefore,  the  initial  polarization  state  and  the  exponential  decay 
behavior  of  the  switching  current  should  be  considered  in  the  static 
current  measurement. 

B .  Static  I- V  Measurement  Method  Set-  Up 


A  static  current  measurement  method  using  a  HP4145A 
Semiconductor  Paranaeter  Analyzer  was  developed  as  shown  in  Fig. 
3. 


Poling  voltage  Measurement  time 

(+  6  V)  (long  integration)  (+  6  V) 


Fig.  3  Static  current  measurement  method 

(a)  Full-switching  static  current  measurement 

(b)  Non-switching  static  current  measurement 

initializing  the  polarization  state  of  a  ferroelectric  capacitor  precedes 
the  measurement  of  the  static  current.  As  shown  in  Fig.  3  (a),  the 
full-switching  static  current  is  measured  after  setting  the  ferroelectric 
capacitor  in  a  state  of  the  negative  remanent  polarization  (-Pr).  On 
the  contrary,  the  capacitor  remains  in  a  state  of  positive  remanent 
polarization  (-i-Pr)  prior  to  a  non-switching  static  current 
measurement  as  shown  in  Fig,  3  (b).  The  magnitude  and  the 
duration  of  the  poling  voltage  determine  the  number  of  domains 
with  a  preferred  orientation.  However,  some  of  the  domains  relax  or 
lock  into  favorable  energy  configurations  [4]  and  lose  their  initial 
orientations  during  the  wait  time,  defined  from  the  end  of  the  poling 
voltage  to  the  beginning  of  the  current  measurement.  To  stabilize  the 
initial  polarization  state,  relatively  long  poling  duration  (10  sec)  and 
wait  time  (30  sec)  were  used.  After  initializing  the  polarization  state 
and  an  additional  2  sec  hold  time,  the  static  current  is  measured  by 
applying  a  DC  bias  from  0  V  to  6  V,  increasing  in  0. 1  V  steps.  A 
delay  time  is  inserted  between  the  application  of  the  forcing  voltage 
and  the  current  measurement  to  consider  the  exponential  decay  of 
the  switching  current.  The  current  is  measured  in  a  long  integration 
mode  rather  than  a  short  integration  mode.  In  the  long  integration 
mode,  the  current  is  the  average  value  of  256  measurements  for  267 
msec.  The  short  integration  mode,  which  measures  current  directly 
without  integration,  usually  results  in  an  unstable  1-V  curve. 


Fig.  4  shows  the  static  current  density  vs.  voltage  curves  for 
different  delay  times.  In  these  1-V  curves,  the  full-switching  static 
current  is  larger  than  the  non-switching  static  current  by  an  order  of 
magnitude  for  the  same  delay  time.  Smaller  current  density  is 
measured  with  a  longer  delay  time  for  both  the  full-switching  and 
non-switching  static  currents.  Because  of  the  large  switching  current 
at  the  positive  coercive  electnc  field  (+Ec),  the  full-switching  static 
current  has  a  peak  at  ~  20  kV/cm.  These  results  indicate  that 
complete  elimination  of  the  switching  current  is  difficult.  However, 
non-switching  static  current  with  a  long  delay  time  is  considered  a 
good  method  for  the  leakage  current  measurement.  In  the 
experiment  desenbed  below,  a  2  sec  delay  time  is  used  to  reduce  the 
total  measurement  time. 


Electric  field  (kV/cm) 

(b) 

Fig.  4  Static  current  as  a  function  of  ciccuic  field  for  different  delay  limes 
(a)  Full-switching  static  current  (b)  Non-switching  static  current 

C.  Application  of  Static  1-V  Measurement  to  Fatigue  Effect 

The  fatigue  effects  on  the  PZT  thin  films  were  examined  with 
the  static  current  measurement  method  established  previously.  PZT 
thin  film  capacitors  with  a  zirconium  to  titanium  ratio  of  53/47  were 
fabricated  using  a  sol-gel  process  15].  On  an  oxidized  2"  silicon 
wafer,  platinum  was  sputtered  for  the  bottom  electrode  and  multiple 
layers  of  sol-gel  PZT  were  spin-coated  to  a  thickness  of 
approximately  54(X)  A.  The  films  were  annealed  at  700  °C  for  30 
min.  in  oxygen.  Subsequently,  the  platinum  top  electrodes  with  an 
area  of  2.4x10'^  cm^  were  formed  by  a  lift-off  process.  Finally,  the 
films  were  heat-treated  at  700  °C  for  5  min.  for  better  ohmic 
contact. 

The  continuous  hysteresis  curve  and  the  pulse  polarization  [6] 
were  measured  using  the  virtual  ground  mode  of  a  RT66A 
standardized  ferroelectric  tester  |7|.  For  the  continuous  hysteresis 
curve,  a  one-period  triangle  wave  with  a  period  of  200  msec  was 
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applied  as  an  input  signal  to  the  virtual  ground  circuit.  In  the  pulse 
polarization  method  shown  in  Fig,  5,  the  first  pulse  sets  the 
ferroelectric  capacitor  in  a  state  of  having  the  negative  remanent 
polarization.  During  the  rise  and  fall  times  of  the  four  consecutive 
pulses,  eight  different  polarizations  are  measured  as  noted  in  Fig.  S. 
Because  the  switching  polarization  (P*)  and  the  non-switching 
polarization  (P*)  are  impcxtant  in  the  memory  operation,  the  fatigue 
effects  were  analyzed  in  terms  of  these  polarizations.  The  electrical 
cycling  for  fatigue  was  performed  at  frequencies  from  10  kFfz  to  1 
MHz  using  a±6Vora  +  8V  square  wave.  Besides  the  bipolar 
stress,  unipolar  cycling  was  examined  at  frequencies  up  to  1  MHz 
using  a  0  to  8  V  square  wave.  The  tatigue  testing  was  periodically 
interrupted  to  measure  the  polarization.  The  full-switching  and  non¬ 
switching  static  currents  before  and  after  the  stress  were  compared. 


-  P*  -  p'' 


Fig.  S  The  pulse  polarization  method  and  its  parameters  [7] 

m.  RESULTS  AND  DISCUSSION 

Fig.  6  and  Fig.  7  show  the  changes  in  the  hysteresis  curves  and 
the  pulse  polarizations  due  to  bipolar  (+  8  V)  and  unipolar  (0  to  8 
V)  electrical  cycling  at  100  kHz. 


-150-100  -50  0  50  100  150  -150-100  -50  0  50  100  150 

Electric  field  (kV/cm)  Electric  field  (kV/cm) 

(a)  (b) 

Fig.  6  Changes  in  the  hysteresis  curves  due  to  (a)  bipolar  and  (b)  unipolar 
stress 


Fig.  7  Changes  in  the  switching  (P*)  and  non-switching  (P'')  polarization 
due  to  bipolar  and  unipolar  suess 


Bipolar  cychng  decreases  the  switching  polanzation  (P*)  rapidly 
after  10*^  cycles  and  changes  the  shape  of  the  hysteresis  curve.  In 
contrast  to  the  bipolar  stress,  no  significant  degradation  in  the 
polarization  is  observed  for  the  unipolar  stress. 

The  changes  in  the  static  currents  after  the  bipolar  stress  (+  8  V, 
100  kHz)  up  to  8.4x10®  cycles  are  shown  in  Fig.  8.  In  the  full¬ 
switching  static  current  in  Fig.  8  (a),  the  initial  bipolar  cycling 
increases  the  peak  current  and  decreases  the  current  at  6  V  (-110 
kV/cm).  The  increase  in  the  switching  polarization  in  Fig.  7  and  the 
peak  current  in  Fig.  8  (a)  after  the  initial  bipolar  cyclings  indicate  that 
the  domain  reorganization  activates  some  domains,  otherwise 
unswitchable,  to  increase  the  number  of  domains  in  the  switching 
process.  Simultaneously,  more  domains  switch  at  the  lower 
electrical  field  with  the  faster  switching  time.  Therefore,  the 
switching  current  increases  at  the  low  electrical  field  and  decreases  at 
the  high  field.  The  further  cycling  reduces  the  number  of  the 
switching  dipoles  and  decreases  the  switching  current  at  low 
voltage.  However,  the  increase  of  the  current  at  high  voltage  shows 
that  the  film  is  degraded  by  the  bipolar  stress.  The  non-switching 
static  current  after  8.4x10®  cycles  in  Fig.  8  (b)  clearly  shows  the 
increase  of  the  leakage  current. 


Elccuic  field  (kV/cm) 

(b) 

Fig.  8  1-V  curves  after  the  +  8  V,  100  kHz  bipolar  suess 

(a)  Full-switching  sialic  currents  (b)  Non-switching  static  currents 

For  the  various  bipolar  cycling  conditions,  fatigue  effects  on  the 
static  currents  are  examined  by  correlating  the  changes  in  the 
switching  polarization  with  the  changes  in  the  key  parameters  of  the 
static  currents  such  as  the  peak  current  density  in  the  full-switching 
static  current  (Jpeak)  and  the  non-switching  static  current  density  at 
the  maximum  electric  field  (J(®6v).  Fig-  9  (a)  shows  that  the 
decrease  in  the  switching  polarization  is  strongly  correlated  with  the 
decrease  of  the  peak  current  in  the  full-switching  static  current.  As 
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shown  in  Fig.  9  (b),  a  larger  decrease  in  the  switching  polarization 
generally  accompanies  the  larger  leakage  currenL 

Unipolar  stress,  as  might  be  expected  from  Fig.  7,  changes  the 
static  currents  in  the  same  way  as  the  initial  bipolar  stress.  In  Fig. 
10,  the  changes  in  the  non-switching  static  current  density  at  the 
maximum  electric  field  (  J@6V  )  due  to  the  100  kHz  unipolar  ( 0  to 
8  V  )  and  the  bipolar  (  ±  8  V  )  stresses  are  shown  as  a  function  of 
the  number  of  cycles.  The  unipolar  stress  only  decreases  the  leakage 
current  up  to  6x10^  cycles,  while  the  bipolar  stress  increases  the 
leakage  current  after  10*  cycles. 


Fig.  9  Correlation  of  (a)  AJpak  (h)  ^@6V  '■'■ih 
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Fig.  10  Changes  in  AJ@6V  due  to  the  100  kHz  unipolar  (  0  to  8  V  )  and  the 
bipolar  (  +  8  V  )  stresses 


These  results  can  be  explained  by  the  space-charge  build-up  or 
the  oxygen-deficient  dendrite  growth  [8].  The  bipolar  cycling  will 
increase  the  space-charge  layers  adjacent  to  the  electrodes  or 
disseminate  the  dendrite  away  from  the  electrodes.  These  processes 
will  reduce  the  number  of  switching  dipoles  and  cause  micro-shorts 
through  the  narrowing  switching  layer. 

rv.  Summary  and  conclusion 


A  static  1-V  measurement  method  for  ferroelectric  thin  films 
was  developed  considering  the  initial  polarization  state  and  the 
exponential  decay  behavior  of  the  switching  current.  Depending  on 
the  |x>larity  of  the  initializing  voltage,  the  static  cuaents  are  divided 
into  a  full-switching  and  a  non-switching  static  currenL  A  delay  time 
is  inserted  between  the  application  of  the  forcing  voltage  and  current 
measurement  to  reduce  the  switching  current  component.  Complete 
elimination  of  the  switching  current  was  difficult.  However,  non¬ 
switching  static  current  with  a  long  delay  time  was  found  to  be  a 
good  method  for  the  leakage  current  measurement.  The  fatigue 
effects  on  sol-gel  derived  PZT  thin  films  were  analyzed  using  this  I- 
V  measurement  method.  In  the  bipolar  stress,  the  polarization 
reduction  was  correlated  with  the  decrease  in  the  switching  current 
and  the  increase  in  the  leakage  current.  Neither  the  significant 
decrease  in  the  polarization  nor  the  increase  in  the  leakage  current 
was  observed  in  the  unipxilar  stress.  The  fatigue  effects  ate  explained 
by  the  increase  in  the  spacr-charge  regions  near  the  electrodes  or  the 
oxygen-deficient  dendrite  growth. 
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A  thermally  stimulated  current  (TSC)  technique  has  been 
used  to  characterize  natural  and  electric  field  induced 
defect  distributions  in  PZT  films.  The  principal  defects 
give  rise  to  TSC  peaks  near  400K  and  500K,  with  defect 
concentrations  -  IC  cm  \  and  an  activation  energy  of  = 
0.8  eV.  Changes  in  the  defect  structures  as  a  function 
of  number  of  switching  cycles  and  processing  conditions 
are  described,  and  their  relationship  to  the  phenomena 
of  fatigue  are  discussed.  It  is  suggested  that  the 
defects  measured  by  TSC  arise  from  extended  defects 
rather  than  from  point  defects.  Domain  splitting  and 
pinning  as  a  result  of  such  defects  generated  during 
polarization  reversals  may  account  for  fatigue  in  PZT 
f ilrar  . 


Introduction 


There  have  been  intensive  studies  on  ferroelectric 
thin  films  due  to  their  promising  applications  in 
nonvolatile  memories,  high  density  DRAMs , 
microactuators,  and  nonlinear  optical  devices.  Memory 
devices  made  from  ferroelectric  films  have  high  access 
speed,  low  operating  voltage,  and  radiation  hardness. 
However,  large  scale  applications  of  ferroelectric 
memories  are  limited  currently  by  reliability  problems 
concerned  with  fatigue,  aging  and  retention.  A  number  of 
experimental  and  theoretical  studies  have  been  dedicated 
to  fatigue  and  aging,  but  the  data  is  still  insufficient 
to  give  a  complete  understanding  of  the  problem. 
Theoretical  models  proposed  to  account  for  the  fatigue 
mechanisms  have  been  based  on  the  effects  of  mobile 
charged  point  defects  (I)  and  on  domain  pinning  (2j.  It 
is  still  controversial  as  to  which  mechanism  is  dominant 
in  thin  films  in  comparison  to  that  in  bulk  materials 
and  each  model  is  only  successful  in  explaining  some 
aspects  of  fatigue  and  aging. 

For  the  sake  of  clarity,  the  distinction  between 
fatigue  and  aging  must  be  made.  Fatigue  is  the 
degradation  of  ferroelectric  properties  observed  under 
repeated  polarization  reversal  when  a  material  is 
subjected  to  a  large  switching  field.  It  is  a  non- 
equilibrium  process  in  a  system  excited  by  external 
stresses.  Aging  is  the  time -dependent  static  degradation 
of  ferroelectric  properties  under  no  applied  field.  It 
is  a  relaxation  process  in  which  a  closed  system  relaxes 
from  a  nonequilibrium  state.  Fatigue  is  the  main  concern 
of  this  paper.  It  occurs  as  a  result  of  interactions  of 
a  ferroelectric  system  with  lattice  defects  during 
polarization  reversals.  To  understand  the  fatigue 
mechanism,  it  is  therefore  necessary  to  study  the  static 
and  dynamic  properties  of  the  defect  stuctures  of  the 
f erreoelectric  lattice  and  to  correlate  these  with 
electrical  measurements. 

In  general,  lattice  defects  can  be  categorised  as 
point  defects  such  as  impurities,  vacancies  and 
interstitials,  or  extended  defects  such  as  dislocations, 
planar  defects,  and  grain  boundaries.  To  gain 
understanding  of  how  the  behavior  of  defects  during 
polarization  reversals  relates  to  the  understanding  of 
fatigue  mechanisms,  we  have  used  a  thermally  stimulated 
current  (TSC)  technique  to  characterize  natural  and 
electric  field  induced  defect  distributions  in 
ferroelectric  films.  The  TSC  experiments  consist  of 
photoexciting  thin  film  samples  by  UV  light  at  low 
temperature.  Excited  carriers  are  trapped  at  centers 
associated  with  lattice  defects.  The  samples  are  then 
heated  in  the  dark  at  a  constant  rate.  The  current  which 
results  when  the  carriers  are  released  from  traps  by 
thermal  excitation  is  measured  as  a  function  of 
temperature.  For  each  discrete  energy  level,  a  maximum 
is  displayed  in  the  current  -  temperature  thermogram  at  a 
temperature  related  to  the  depth  of  the  level.  The  area 
of  the  peak  is  proportional  to  the  concentration  of 
traps.  A  model  for  ferroelectric  fatigue  based  on 
domain  splitting  and  pinning  will  be  discussed  based  on 
the  results  obtained  from  TSC  measurements. 


Experimental 

Ferroelectric  PZT  thin  films  were  fabricated  by  sol  gel 
methods  on  Pt/Ti  coated  silicon  and  on  conducting  indium 
tin  oxide  (ITO)  coated  7059  glass  substrates.  Both  the 
acetic  acid  based  [3]  and  2-methoxyethanol  based  (4)  sol 
gel  routes  were  used.  Rhombohedral  PZT  with  compositions 
having  a  Zr/Ti  ratio  of  54/46  and  90/10  were  employed. 
In  order  to  dope  films  with  either  donor  or  acceptors 
impurities,  1  mol%  of  Ta  ethoxide  or  Mg  acetate  were 
added  to  the  stock  solutions  respectively.  Multilayer- 
coated  films  of  thickness  ranging  from  2000  to  4500  A  on 
both  Pt  and  ITO  were  initially  fired  .  400' C  for  5  min. 
Rapid  thermal  annealing  (RTA)  at  650' C  for  30  s  was  used 
to  anneal  films  on  Pt ,  while  conventional  furnace 
annealing  was  used  to  anneal  films  on  ITO  at  650° C  for 
2hrs.  For  some  samples,  a  subsequent  oxidation  or 
reduction  process  was  carried  out  in  which  the  samples 
were  annealed  for  various  times  at  400° C  either  in 
flowing  oxygen,  or  in  a  flowing  hydrogen/nitrogen 
(10/90)  mixture.  Gold  or  silver  top  electrodes  were 
deposited  by  vacuum  evaporation  to  form  a  capacitor 
structure.  The  electrodes  had  a  thickness  of  about  500 
A  and  were  transparent  to  365  nm  wavelength  ultraviolet 
(UV)  light. 

Ferroelectric  hysteresis  loops  were  measured  using 
a  Sawyer-Tower  (ST)  circuit  without  compensation  for 
dielectric  loss.  The  samples  were  fatigued  at  a 
frequency  of  100  Hz  to  100  kHz  by  subjecting  the  PZT 
thin  film  capacitors  to  a  sinusoidal  voltage  of  Vp=  i  10 
volts  using  the  same  ST  circuit.  The  I-V  characteristics 
of  the  films  were  measured  with  a  Kaithley  Model  236 
source-measure  unit  (SMU).  This  was  of  importance  to 
examine  the  nature  of  the  contacts  made  to  the  PZT 
films . 


TSC  was  measured  using  a  two  probe  method.  The 
experimental  arrangement  is  shown  in  Fig.l.  It  consists 
of  an  air-tight  chamber  with  a  sample  holding  stage 
facing  a  quartz  window,  a  liquid  nitrogen  container,  a 
heater  mounted  inside  the  stage,  an  Omega  temperature 
controller  connected  to  a  thermocouple  positioned  very 
close  to  the  sample,  a  photoexciting  light  source  (a 
100W  Blak-ray  UV  lamp  having  a  characteristic  emission 
line  of  365nm),  and  the  Kelthley  SMU  unit.  The  data 
acquisition  was  automated  by  a  PC  computer.  The 
operating  temperatures  ranged  from  130K  to  650K.  The 
heating  rate  of  the  sample  cell  provided  a  uniform  rate 
of  temperature  change  from  0.1  to  0.5K/S.  The  photon 
energy  of  3.4eV  from  the  UV  source  was  large  enough  to 
excite  PZT  in  the  fundamental  absorption  band.  PZT  has 
a  bandgap  of  about  3.35eV.  The  samples  were  photoexcited 
at  low  temperature  for  about  ten  minutes.  No  dc  bias  was 
applied  during  UV  irradiation,  while  the  dc  bias  during 
heating  was  constant  from  0.0005  to  0.1V. 


Thermocouple  Semple  anci  hi  older  UV  Light  Source 
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Figure  1  . 


System  for  thermally 
current  measurements 


St  emulated 


Tha  TSC  currant -taaperature  theraograas  were 
reconstructed  froa  the  difference  between  the  current 
obtained  after  UV  irradiation  and  the  current  obtained 
in  a  second  run  at  the  saae  dc  bias  and  heating  rate  but 
with  no  optical  excitation.  Care  was  taken  that  the 
inherent  pyroelectric  effect  in  ferroelectrics  which  can 
generate  a  large  depolarization  current  during  heating 
did  not  mask  the  desired  TSC  current.  All  saaples  were 
depolarized  before  each  aeasurenent . 

Electrode  Contacts 


TSC  measurements  are  sensitive  to  the  nature  of 
the  electrode  contacts.  Ideally,  a  four  probe  method 
could  separate  the  bulk  properties  from  contact  effects. 
However  the  sample  geometry  made  this  difficult  to 
achieve.  Fortunately,  the  I-V  characteristics  for 
voltages  less  than  IV  measured  using  a  two  probe 
technique  were  linear  for  top  gold  films  on  Pt  and  ITO. 
This  is  shown  in  Fig. 2.  For  applied  voltages  above  IV, 
some  films  showed  evidence  for  space  charge  limited 
conduction.  The  results  were  virtually  the  same  in  films 
in  which  Ag  was  used  as  the  top  electrode,  despite  the 
difference  in  the  work  function  of  gold  (S.2seV)  and 
silver  (4.29eV).  The  TSC  results  obtained  with  a  dc  bias 
of  0.0002  to  0.1V  are  therefore  considered  to  represent 
a  volume  rather  than  a  contact  effect. 

-7  l-r’-rj - . - . - '  '  '-'■”1 - . - - 
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Figure  2.  I-V  characteristics  for  Au/PZT;itq  and 
Au/PZT/Pt  devices. 


TSC  Measurements 


Fig. 3  shows  a  typical  TSC  cui  rent -temperature 
thermogram  for  a  PZT  film  following  UV- irradiation  at 
130K  for  10  min.  Two  current  peaks  appear  at 
temperatures  of  about  400K  for  peak  I  and  500K  for  peak 
II  respectively,  indicating  the  existence  of  trapping 
centers  of  two  different  kinds. 

Fig. 4  shows  a  series  of  thermograms  of  peak  I 
obtained  with  various  heating  rates.  As  the  heating  rate 
is  increased,  both  the  temperature  T,  of  the  peak  maxima 
and  the  peak  heights  and  areas  increase.  Such  TSC 
thermograms  were  repeatable  under  the  same  measurement 
conditions.  The  trapping  parameters  of  the  defects  -  the 
activation  energies  E,  and  capture  cross  sections  were 
estimated  from  the  shape  of  the  TSC  peaks.  Activation 
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Figure  4.  Thermograms  for  various  heating  rates 


energies  were  determined  by  a  heating  rate  method  for 
peak  I,  and  by  an  initial  rise  method  for  peak  II.  The 
results  gave  a  value  of  E,=0.80eV  for  peak  I  and 
E,=0.76eV  for  peak  II  respectively.  Although  the 
activation  energy  of  both  traps  is  nearly  the  same, 
their  capture  cross  sections  are  very  different.  They 
are  1.0x10*'  cm*  for  peak  I  and  1.0x10**  cm*  for  peak  II 
respecti.'ely ,  indicating  that  they  indeed  correspond  to 
two  different  traps. 

The  concentration  Nj  of  trapping  centers  was 
determined  from  the  area  of  the  TSC  peak  assuming  that 
the  mobility  p  and  ,:he  lifetime  r  of  nonequilibrium 
electronic  carriers  were  known, 

Q,  ^ 


eU  e  r  p  V  U 

where  0,  is  the  total  charge  of  ncnequilibrium  carriers, 
e  the  electronic  charge,  U  the  sample  volume  under  test, 
A,  the  area  under  a  TSC  peak,  fi  the  linear  heating  rate, 
d  the  film  thickness,  and  V  the  applied  voltage.  The 
mobility  and  lifetime  of  carriers  in  PZT  was  estimated 
from  values  published  for  BaTiO,  and  SrTiO,.  These  are 
also  perovskite  compounds,  and  the  carrier  parameters 
should  be  comparable  to  those  of  PZT  within  an  order  of 
magnitude.  With  p=0.1  cm*/».  (5)  and  r=1.4x10*s  161, 
the  concentration  of  traps  is  in  the  order  of  1C  cm  , 
which  is  a  large  value  compared  to  the  atomic  density  in 
PZT.  The  nature  of  the  trapping  centers,  and  whether 
they  involve  electron  or  hole  trapping  were  not 
obtainable  from  these  experiments. 


Fatigue  in  PZT  Films 

Fatigue  in  PZT  films  can  be  represented  by  curves 
of  polarization  P,.  and  coercive  voltage  V,  versus  the 
number  of  polarization  reversal  cycles  N.  The  fatigue 
behavior  can  be  approximately  divided  into  two  stages, 
an  initial  state  in  which  the  polarisation  is  constant 
and  a  second  stage  during  which  the  polarisation 
degrades.  This  is  shown  in  Fig. 5(a)  for  a  film  annealed 
in  Oj  for  2h. 


Figure  3.  Thermograms  after  365  nm  UV  excitation  at 
130K  for  10m.  Heating  rate  0.4  K/s. 


Figure  5.  (a)  Fatigue  of  stoichimetric  PZT; 

(b)  Fatigue  of  Ta  doped  PZT; 

(c)  Fatigue  of  Mg  doped  PZT. 


245 


In  the  first  stage,  both  the  reaanent  and  the 
spontaneous  polarization  reeain  unchanged  up  to  10‘  to 
10'  cycles.  In  the  second  stage,  the  polarization 
decreases  aiaost  linearly  on  a  logarithaic  plot  vs 
nuaber  of  cycles.  The  degraded  polarizations  fall  to  50 
to  80*"  of  the  initial  values  after  10'“  cycles.  The 
detailed  behaviour  varies  from  saaple  to  saaple.  On  the 
other  hand,  the  coercive  voltage  or  field  increases 
steadily  with  reversal  cycles,  becoaing  double  or  even 
triple  the  initial  value.  As  a  result,  the  degraded  P-E 
hysteresis  loop:>  after  fatigue  look  poorer  in  the  degree 
of  squareness  analogous  to  the  hardening  effect  of 
aechanical  fatigue  in  aetals  subjected  to  cyclic  stress. 
One  of  the  aost  interesting  features  of  ferroelectric 
fatigue  is  that  the  degradation  of  polarization  depends 
only  on  the  nuaber  of  reversal  cycles,  and  is 
independent  of  the  cycling  frequency  froa  100Hz  to 
100kHz  and  thus  the  total  cycling  tiae.  This  differs 
aarkedly  froa  ferroelectric  aging  effects  which  are 
tiae -dependent . 

The  ferroelectric  properties  of  bulk  PZT  can  be 
aodified  by  the  introduction  of  dopants.  Dopants  can  be 
either  of  the  donor  or  acceptor  type.  According  to  the 
defect  chemistry  of  titanate  perovskites,  introduction 
of  charged  impurities  can  change  the  content  of  oxygen 
and  lead  vacancies.  This  can  lead  to  aodification  of  the 
dc  conductivity  by  several  orders  of  magnitude.  It  was 
therefore  of  interest  to  know  if  dopants  had  any  effect 
on  the  rate  of  fatigue  in  PZT  filas.  No  significant 
difference  was  found  in  the  fatigue  rates  for  PZT  filas 
doped  respectively  with  1  mol  %  of  tantalua  (Fig. 5(b)) 
or  magnesium  (Fig.5(c)),  although  the  initial 
ferroelecti  ic  properties  of  the  doped  filas  were 
different . 


TSC  in  Fatigued  Films 

TSC  measurements  were  carried  out  on  fatigued  PZT 
films  as  a  function  of  number  of  cycles.  Each  TSC 
thermogram  was  taken  after  a  film  was  subjected  to  a 
co.^tain  number  of  polarization  reversals.  It  was 
confirmed  experimentally  that  repeated  TSC  runs  did  not 
cause  any  degradation  in  the  PZT  filas,  since  the 
highest  temperature  for  the  TSC  measurements  did  not 
exceed  330° C.  The  electrochemical  properties  of 
perovskite  oxides  do  not  vary  significantly  over  short 
periods  in  this  range  of  temperature.  Therefore,  any 
variation  in  TSC  peaks  were  considered  to  be  an  effect 
of  fatigue  and  due  to  the  changes  in  local  order  induced 
by  the  polarization  reversals.  Fig. 6  shows  a  series  of 
TSC  thermograms  as  a  function  of  switching  cycles 
following  UV- irradiation  of  an  oxidized  PZT  film  at  300K 
for  10  m. 

The  room  temperature  UV  irradiation  caused  peak  I 
and  peak  II  in  Fig. 3  to  merge  into  one  peak  at  460K. 
This  may  be  due  to  a  dependence  of  the  capture  cross 
sections  of  the  trapping  centers  on  temperature.  It  is 
obvious  that  the  areas  under  the  TSC  peaks  which  are 
proportional  to  the  defect  concentration  increase  with 
the  number  of  polarisation  cycles,  indicating  that  more 
defects  of  the  same  type  as  those  already  existing  in 
as-deposited  films  were  generated  during  polarization 
reversals. 

Estimates  of  the  concentrations  of  traps  at 
different  fatigue  states  is  shown  in  Fig. 7(a).  The 
concentration  of  trapping  centers  increases  by  a  factor 
of  two  after  1C’°  switching  cycles.  This  moderate  change 
in  defect  concentration  is  correlated  with  a  significant 


Figuf  6.  Thermograms  as  a  function  of  "umber  of 

switching  cycles. 
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Figure  7.  Trap  concentratijn  versus  nuaber  of  cycles  for 
a  stoichioaetric  film  (a),  and  for  a  reduced  film  .b). 

deterioration  in  the  ferroelectric  properties.  The 
concentration  of  traps  is  •  10*'ca^,  which  is  a 

appreciable  fraction  or  the  available  lattice  sites.  TSC 
aeasureaents  in  which  UV  irradiations  were  perforaed  at 
TDK  shewed  that  upon  fatigue  cycling  only  the  areas  of 
eak  II  increased,  while  those  of  peak  1  remained 
virtually  constant. 


Effects  of  Processing  Conditions 

As -fired  PZT  filas  processed  at  400° C  have  an 
amorphous  structur-e  and  are  not  ferroelectric.  The 
amorphous  films  contain  distorted  perovskite  structures 
and  lack  long  range  order.  A  coaparison  of  TSC  in 
amorphous  films  to  that  in  well  crystallized  filas  may 
provide  evidence  which  might  identify  the  nature  of 
defects  which  give  rise  to  TSC  peaks  that  vary  with 
fatigue.  No  TSC  peaks  are  found  in  the  theraograas  for 
amorphous  PZT.  This  indicates  that  peaks  I  and  II  in 
well-crystallized  films  (Fig. 3)  are  associated  either 
with  the  crystallographic  structure  of  the  perovskite, 
or  with  defects  created  during  the  650°C  annealing 
process . 

It  is  well  known  that  the  dc  conductivity  of 
titanate  perovskites  are  controlled  by  intrinsic  point 
defects  such  as  oxygen  and  lead  vacancies  [7].  In  PZT, 
the  volatility  of  PbO  at  high  processing  teaperature 
causes  a  deficiency  of  lead  and  oxygen  ions  and  a  large 
nuaber  of  lead  and  oxygen  vacancies.  It  has  been 
postulated  that  fatigue  in  PZT  mty  be  caused  by  mobile 
oxygen  vacancies  [1].  To  investigate  if  ary  relationship 
exists  between  the  trapping  centers  observed  froa  TSC 
peaks  and  such  intrinsic  point  defects,  we  have  carried 
out  TSC  measurements  on  reduced  PZT  filas.  To  ainiaise 
the  loss  of  lead,  films  were  reduced  at  400° C  for  1  min 
in  flowing  hydrogen/nitrogen  (10/90).  The  X-ray 
diffraction  patterns  of  reduced  saaples  showed  no 
significant  changes  in  crystallo-graphic  structure.  The 
dielectric  constant  decreased  by  a  few  percent  upon 
reduction,  while  the  f.verall  ferroelectric  properties 
deteriorate.  It  is  believed  that  the  loss  of  oxygen 
during  reduction  leads  to  a  distorted  oxygen  octahedral 
structure  surrounding  a  ..itanium  ion  which  inhibits  the 
motion  of  the  Ti  ion  which  contributes  to  ferroelectric 
polarization.  TSC  measurements  for  reduced  PZT  filas 
show  only  a  single  peak  corresponding  to  peak  II  in 
stoichiometric  films.  Peak  I  completely  disappears  after 
reduction.  The  area  under  the  single  peak  in  reduced 
samples  is  approximately  60  times  less  than  that  o.'  peak 
II  in  oxidized  samples.  The  absence  of  any  correlation 
of  the  defect  concentration  with  reduction  tends  to 
exclude  any  connection  between  the  trapping  centers  and 
intrinsic  point  defects  such  as  oxygen  vacancies.  A 
sinusoidal  voltage  of  the  same  amplitude  as  before  was 
applied  to  a  reduced  PZT  film  to  induce  fatigue.  The 
number  of  polarization  reversals  was  small  because  of 
the  poor  ferroelectric  properties  in  the  reduced  film. 
TSC  measurements  of  the  same  sample  at  different  stages 
of  fatigue  cycling  showed  that  the  concentration  of 
trapping  centers  only  Increased  slightly  as  shown  in 
Fig. 7(b),  compared  to  the  doubling  in  stoichioaetric 
films  subjected  to  similar  fatigue  cycling.  This  is 
consistent  with  the  fact  that  fatigue  in  ferroelectrics 
depends  only  on  polarization  reversal.  In  other  words, 
without  polarization  reversals  no  ferroelectric  fatigue 
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occurs.  This  behavior  is  distinguished  clearly  froa 
other  time -dependent  effects.  On  the  other  hand,  a  film 
re-oxidi2ed  from  a  reduced  state  by  heating  in  oxygen  at 
400°  C  exhibited  a  recovery  of  both  the  ferroelectric 
properties  and  the  TSC  characteristics  implying  that  the 
oxygen  octahedra  are  restored  by  absorbing  oxygen  ions 
from  the  ambient.  By  comparison,  films  fatigued  by 
polarization  reversals  could  not  be  rejuvenated  at  the 
same  heating  condition. 


Discussion 

The  use  of  TSC  to  study  defects  in  ferroelectric 
perovskites  has  been  shown  to  be  of  value.  The  fact  that 
the  defect  densities  correlate  with  fatigue  demonstrates 
that  TSC  can  assist  in  the  identification  of  fatigue 
mechanisms.  The  twc  TSC  peaks  at  400K  and  SOOK 
respectively  in  PZT  are  associated  with  two  different 
discrete  levels  even  though  their  energy  levels  are 
close.  This  IS  confirmed  by  differences  in  the  capture 
cross  sections  of  the  two  traps,  and  in  their  response 
to  oxidation  and  reduction.  Trap  I,  which  is  associated 
with  peak  I,  is  little  affected  by  the  process  giving 
rise  to  fatigue,  but  is  strongly  affected  by 
nonstoichiometry .  In  contrast,  the  trap  II  associated 
with  peak  II,  is  not  only  affected  by  nonstoichiometry, 
but  also  sensitive  to  the  fatigue  process.  It  is 
postulated  that  TSC  peaks  in  PZT  are  related  to  the  band 
conduction  of  nonequilibrium  carriers  instead  of  hoping 
conduction.  This  may  justify  the  use  of  transp -rt 
parameters  of  band  conduction  in  the  estimation  of  tra;. 
concentrations . 

The  experimental  evidence  for  the  origin  of  the 
trapping  centers  obtained  from  TSC  suggests  that  the 
traps  are  not  directly  associated  with  point  defects. The 
negative  correlation  jf  TSC  peaks  with  oxygen  vacancies 
generated  in  oxidation  -  reduction  experiments  has 
excluded  the  direct  association  of  trapping  centers  with 
oxygen  vacancies.  Although  oxygen  vacancies  are 
considered  to  be  electron  donors  in  titanate 
perovskites,  the  exp. oted  activation  energy  is  about 
0.2eV  for  the  ionization  of  the  second  electrons, 
compared  to  O.SOeV  and  0.76eV  in  the  current  TSC 
measurements.  Similarly  the  fact  that  reduction  was 
carried  out  in  a  temperature  range  in  which  the  loss  of 
lead  was  insigif leant ,  and  the  fact  that  TSC  peaks  can 
be  regenerated  in  an  oxidation -reduction -reoxidation 
process  also  excludes  the  direct  association  of  trapping 
centers  with  lead  vacancies.  Impurities  may  also  act  as 
extrinsic  point  defects.  The  impurities  were  introduced 
either  accidentally  from  the  source  chemicals  in  undoped 
PZT  or  deliberately  by  doping.  The  amount  of  impurities 
were  established  by  a  specific  fabrication  process  and 
the  concentration  was  unaffected  by  the  subsequent 
reduction  process.  No  correlation  was  observed  with  the 
volume  concentration  of  defects.  From  these  arguments, 
we  conclude  that  point  defects  do  not  directly  account 
for  TSC  trapping  centers  which  are  related  to  fatigue. 

The  fatigue  process  in  f er''oelectric  thin  films  is 
caused  by  polarization  reversals  only  and  is  thus  time- 
independent.  This  is  also  confirmed  by  fact  that  non- 
ferroelectnic  films  do  not  show  fatigue  and  the  density 
of  trapping  centers  in  these  films  is  relatively 
unaffected  by  repeated  cycling.  Any  models  for  the 
fatigue  mechanism  in  f erroelectrics  should  take  these 
characteristics  into  account.  Our  results  suggest  the 
fatigue  models  based  directly  on  the  effects  of  point 
defects  such  as  oxygen  vacancies  are  unjustified 
experimentally.  Domain  pinning  models  ba.sed  on  the 
pinning  effects  of  point  charged  defects  which 
accumulate  inside  the  grain  or  domain  boundaries  during 
the  fatigue  process  are  also  not  consistent  with  TSC 
exoe^iments.  We  therefore  have  to  resort  to  other 
^‘atigue  mechanisms  which  firstly  are  only  polarization 
reversal  dependent  and  secondly  are  point  defect 
independent . 

The  possible  defects  associated  with  the  trapping 
centers  in  the  TSC  measurements  are,  in  our  view, 
extended  defects.  Fatigue  in  f erroelectrics  is  then 
caused  by  the  pinning  of  domains  by  extended  defects, 
whose  concentrations  can  be  altered  by  polarization 
reversals.  The  extended  defects  may  be  associated  with 
either  linear  defects  such  as  dislocations,  or  planar 
defects  such  as  antiphase  boundaries.  However,  taking 
into  account  the  large  density  of  defects  measured  in 
TSC,  we  associate  the  trapping  centers  pieferably  with 
planar  faults.  Prisedsky  et  al.  have  reported  the 
existence  of  regular  oriented  arrays  of  planar  faults  in 
PZT  (8|.  Tne  distances  between  these  planes  are  smaller 


than  the  usual  sizes  of  ferroelectric  domains  as 
revealed  under  TEU  and  the  fault  planes  are  about  100  A 
apart  18)  [91.  If  we  assume  that  the  width  of  a  plane 
fault  is  8  A  (the  length  of  two  lattice  constants)  and 
in  such  a  fault  plane  each  perovskite  unit  cell 
contributes  one  electronic  state  which  acts  as  an 
trapping  center,  the  conce.itration  of  such  centres  is  » 
10*’cm  “  and  the  distance  of  120  A  between  plane  faults  is 
in  good  agreement  with  the  TEU  observations.  Since 
antiphase  boundaries  (APB)  are  real  physical 
disturbances  in  the  otherwise  regular  lattice 
structures,  we  believe  that  APB  may  act  as  the 
boundaries  of  microdomains  which  together  fora  the 
larger  domains  seen  in  TEU.  The  interaction  between  the 
APB  and  the  domains  should  then  affect  the  motion  of 
ferroelectric  domain  walls  which  determine  ferroelectric 
properties  such  as  polarization  and  coercive  fields.  In 
other  words,  the  APBs  are  able  to  pin  the  domain  walls. 

On  the  other  hand,  it  has  been  observed  that  the 
major  domain  wall  configuration  induced  in  the  PZT 
system  by  electric  fields  are  90°  [10).  The  switching  of 
90°  domains  is  accompanied  by  the  redistribution  of 
strain  and  stress  fields  in  a  lattice.  If  stresses  build 
up  around  local  inhomogeneities  with  each  polarization 
reversal  cycle,  the  shear  motion  of  the  lattice  forced 
by  those  stresses  may  create  more  antiphase  boundaries. 
This  may  explain  the  increase  of  the  TSC  trapping 
centers  with  polarization  reversals.  Increase  of  the 
number  of  APB  in  the  fatigue  process  is  equivalent  to 
the  splitting  of  microdomains  into  smaller  ones.  This 
intensifies  the  pinning  effect  of  domain  walls,  leading 
to  smaller  polarizations  and  larger  coercive  fields. 
Obviously,  this  fatigue  mechanism  is  dependent  only  on 
the  polarization  reversals  but  not  on  time.  This  model 
is  analogous  to  mechanical  fatigue  in  metals  due  to  the 
interlocking  of  dislocations.  The  hypothesis  proposed 
here  is  consistent  with  much  of  the  experimental  data  on 
ferroelectric  fatigue,  although  the  model  may  be 
oversimplified  keeping  in  mind  the  complexity  of 
formation  of  the  APB  boundaries.  The  detailed 
interactions  between  APBs  and  domain  walls  are  still  not 
clear  and  have  to  be  further  clarified.  TEM  experiments 
to  confirm  the  fatigue  mechanism  proposed  here  are  in 
progress . 


Conclusions 

We  have  correlated  ferroelectric  fatigue  in  PZT 
thin  films  with  lattice  defects  using  a  thermally 
stimulated  current  technique,  "he  TSC  measurements  have 
excluded  the  direct  effects  of  point  defects  of  either 
an  intrinsic  or  an  extrinsic  nature  on  the  fatigue 
process.  The  observed  trapping  centres  have  been 
attributed  to  extended  defects  such  as  antiphase 
boundaries  or  other  planar  faults.  It  is  suggested  that 
fatigue  is  ca’.sed  by  domain  splitting  and  pinning  due  to 
interactions  with  APB  boundaries  during  polarization 
reversals . 
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Abstract :  Recent  Investigations  in  our 

laboratory  have  led  to  the  discovery  of  a  new  class 
of  ferroelectric  polymers  -  the  odd-numbered  nylons. 
X-ray  diffraction  and  infrared  absorbance  (FTIR) 
studies  of  nylon  11  and  nylon  7  films  with  3- 
dlmenslonal  orientation  (texture)  provided  an 
understanding  of  the  polarization  process  in  these 
polymers.  More  importantly,  these  studies  led  to  an 
electroprocessing  technique  which  allowed  for  the 
stabilization  of  the  polarization  and  therefore,  the 
piezoelectric  response  of  these  odd-numbered  nylons 
to  their  crystalline  melting  points,  which  for  nylon 
5  is  -250’C.  A  comparison  of  the  properties  of  these 
ferroelectric  nylons  and  the  only  other  class  of 
ferroelectric  polymers,  polyvinyl idene  fluoride  and 
its  copolymers  will  be  made. 

These  studies  were  supported  by  ONR  and  D.ARPA. 

Recent  studies  in  our  laboratory  (The  Polymer 
Electroprocessing  Laboratory,  Rutgers  University) 
have  led  to  the  discovery  of  a  new  class  of 
ferroelectric  polymers — the  odd-numbered  nylons 
[1,2]  .  The  ferroelectric  switching  behavior  of  these 
nylons  can  be  seen  in  Figures  1  and  2,  which  show  the 
current  density  (J)  versus  electric  field  (E),  and 
electric  displacement  (D)  versus  electric  field  (E) 
behavior,  respectively,  of  nylon  11,  nylon  9,  nylon 
7  and  nylon  5 .  Figure  3  shows  the  remanent 
polarization  as  a  function  of  dipole  density  for 
these  nylons.  The  remanent  polarization  appears  to 

linearly  increase  from  a  value  of  -55  mC/m^  for  nylon 

11  to  a  value  of  -135  mC/m^  for  nylon  5.  If  we 
project  this  linear  increase  to  the  dipole  density  of 

nylon  3,  we  obtain  a  value  -180  mC/m^ .  The  actual 
value  for  nylon  3  will  hopefully  be  determined  in  the 
near  future  and  will  be  compared  with  the  projected 
value . 

In  addition,  we  have  also  discovered  an 
electroprocessing  technique  for  stabilizing  the 
polarization  of  these  materials  to  about  their 
crystalline  melting  points,  which  has  resulted  in  a 
new  class  of  piezoelectric  polymers  that  can  be  used 
at  high  temperatures  [3].  We  have  extended  our 
previous  work  on  nylon  11  and  nylon  7  to  include 
studies  of  nylon  9  and  nylon  5.  Nylon  5,  which  has 
the  highest  melting  point  of  any  of  the  odd-numbered 
nylons  we  have  studied,  has  now  been  shown  to  exhibit 
stable  piezoelectric  response  up  to  a  use  temperature 
of  -250°C. 

The  temperature  dependence  of  the  piezoelectric 
strain  onstants,  d3i,  for  the  odd-numbered  nylons 

studied  are  shown  in  Figure  4,  and  the  temperature 
dependence  of  the  corresponding  piezoelectric  stress 
constants  are  shown  in  Figure  5. 

In  all  cases,  the  piezoelectric  response  of 
these  odd-numbered  nylons  is  low  at  room  temperature, 
which  is  below  their  glass  transition  temperature, 
T, .  As  temperature  Increases  through  T, , 


piezoelectric  response  exhibits  a  sigmoidal  shaped 
increase  followed  by  a  plateau  region,  and  sometimes 
a  decrease  in  response  as  the  maximum  annealing 
temperature  of  each  sample  is  reached.  Each  of  Che 
polarized  nylon  samples  was  first  annealed  for  two 
hours  at  Che  highest  measurement  temperature  shown, 
in  order  to  stabilize  their  response. 
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Current  density  versus  electric  field  for 
a)  Nylon  11,  b)  Nylon  9,  c)  Nylon  7,  and 
d)  Nylon  5 
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Abstract :  Recent  Investigations  In  our 

laboratory  have  led  to  the  discovery  of  a  new  class 
of  ferroelectric  polymers  -  the  odd-numbered  nylons. 
X-ray  diffraction  and  Infrared  absorbance  (FTIR) 
studies  of  nylon  11  and  nylon  7  films  with  3- 
dlmenslonal  orientation  (texture)  provided  an 
understanding  of  the  polarization  process  In  these 
polymers.  More  Importantly,  these  studies  led  to  an 
electroprocessing  technique  which  allowed  for  the 
stabilization  of  the  polarization  and  therefore,  the 
piezoelectric  response  of  these  odd-numbered  nylons 
to  their  crystalline  melting  points,  which  for  nylon 
5  Is  -250°C.  A  comparison  of  the  properties  of  these 
ferroelectric  nylons  and  the  only  other  class  of 
ferroelectric  polymers,  polyvinyl Idene  fluoride  and 
Its  copolymers  will  be  made. 

These  studies  were  supported  by  ONR  and  DARPA. 

Recent  studies  In  our  laboratory  (The  Polymer 
Electroprocessing  Laboratory,  Rutgers  University) 
have  led  to  the  discovery  of  a  new  class  of 
ferroelectric  polymers — the  odd-numbered  nylons 
[1,2].  The  ferroelectric  switching  behavior  of  these 
nylons  can  be  seen  In  Figures  1  and  2.  which  show  the 
current  density  (J)  versus  electric  field  (E),  and 
electric  displacement  (D)  versus  electric  field  (E) 
behavior,  respectively,  of  nylon  11,  nylon  9,  nylon 
7  and  nylon  5,  Figure  3  shows  the  remanent 
polarization  as  a  function  of  dipole  density  for 
these  nylons.  The  remanent  polarization  appears  to 

linearly  Increase  from  a  value  of  -55  mC/m^  for  nylon 

11  to  a  value  of  -135  raC/m^  for  nylon  5.  If  we 
project  this  linear  Increase  to  the  dipole  density  of 

nylon  3,  we  obtain  a  value  -180  mC/ra^.  The  actual 
value  for  nylon  3  will  hopefully  be  determined  in  the 
near  future  and  will  be  compared  with  the  projected 
value . 

In  addition,  we  have  also  discovered  an 
electroprocessing  technique  for  stabilizing  the 
polarization  of  these  materials  to  about  their 
crystalline  melting  points,  which  has  resulted  In  a 
new  class  of  piezoelectric  polymers  that  can  be  used 
at  high  temperatures  [3).  We  have  extended  our 
previous  work  on  nylon  11  and  nylon  7  to  Include 
studies  of  nylon  9  and  nylon  5.  Nylon  5,  which  has 
the  highest  melting  point  of  any  of  the  odd-numbered 
nylons  we  have  studied,  has  now  been  shown  to  exhibit 
stable  piezoelectric  response  up  to  a  use  temperature 
of  -250“C, 

The  temperature  dependence  of  the  piezoelectric 
strain  constants,  d3i,  for  the  odd-numbered  nylons 

studied  are  shown  In  Figure  9,  and  the  temperature 
dependence  of  the  corresponding  piezoelectric  stress 
constants  are  shown  In  Figure  5. 

In  all  cases,  the  piezoelectric  response  of 
these  odd-numbered  nylons  Is  low  at  room  temperature, 
which  Is  below  their  glass  transition  temperature, 
T,.  As  temperature  Increases  through  T,, 


piezoelectric  response  exhibits  a  sigmoidal  shaped 
Increase  followed  by  a  plateau  region,  and  sometimes 
a  decrease  In  response  as  the  maximum  annetllng 
temperature  of  each  sample  is  reached.  Each  of  the 
polarized  nylon  samples  was  first  annealed  for  two 
hours  at  the  highest  measurement  temperature  shown. 
In  order  to  stabilize  their  response. 
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Abstract:  The  piezoelectric  perfomiance  of  1-3  type  composite 
depends  critically  on  the  stress  transfer  between  the  two  constituents 
phases.  This  paper  presents  the  results  of  our  recent  investigation 
on  the  elastic  and  piezoelectric  behaviors  of  composites  with  2-2  and 
1-3  connectivities.  By  taking  into  account  the  nonuniform  strain 
profiles  in  the  constituent  phases,  the  theoretical  model  presewied 
can  quantitatively  predict  the  performance  of  these  composites. 
Theoretical  predictions  agree  quantitatively  with  the  experimental 
results. 


Introdukuop 

The  quantitative  study  of  the  performance  of  piezoceraniic- 
polymer  composites  is  an  interesting  and  challenging  problem.  In 
the  past,  a  great  deal  of  studies  have  been  devoted  to  this  subject.*'^ 
Nevertheless,  most  of  these  studies  are  based  on  the  effective 
medium  theory,  where  the  material  properties  in  each  constituent 
phase  are  assumed  to  be  uniform,  and  the  effective  material 
parameters  of  a  composite  are  calculated  using  either  the  parallel 
model  (Voigt  averaging)  or  series  model  (Reuss  averaging). 
Although  these  studies  provided  general  guidelines  in  predicting  the 
composite  properties,  the  quantitative  predictions  of  the  effective 
material  parameters  deviate  from  the  experimental  observations  in 
most  cases. 

In  this  paper,  we  will  present  the  results  of  our  recent  study 
on  piezoceramic-polymer  composites  with  2-2  and  1-3  type 
connectivity.^'*  Since  the  most  important  factor  of  a  composite 
structure  is  the  stress  transfer  between  the  two  constituent  phases, 
the  key  to  establish  a  working  model  for  the  composites  is  to 
understand  how  this  stress  transfer  is  realized.  Illustrated  in  figure  1 
is  a  2-2  composite  structure  in  which  the  ceramic  plates  and  polymer 
are  arranged  parallel  with  each  other.  When  subjected  to  a  uniaxial 
stress,  the  composite  will  defomi  its  illusu'ated  by  the  dashed  lines  in 
figure  1(b).  For  comparison,  we  have  also  plotted  in  the  same 
figure  the  rlefomiation  profile  assuming  no  elastic  coupling  between 
the  two  constituent  phases.  The  effectiveness  of  the  stress  transfer 
between  the  two  phases  depends  on  how  much  the  strain  in  the 
polymer  phase  differs  in  the  two  situations  Ithe  area  between  the 
dash-dotted  line  and  the  dashed  line  in  figure  l(b)l.  This  is 
determined  by  the  elastic  properties  of  the  constituent  phases  and 
geometric  factors  of  the  composite.  Clearly,  the  stress  transfer  in 
the  composite  is  through  the  shear  force  and  the  strain  in  both 
phases  is  not  uniform.  When  the  strain  is  uniform  in  the  composite, 
there  is  a  maximum  stress  transfer  between  the  two  phases.  This  is 
the  base  for  the  isosirain  model.  However,  to  achieve  that  situation. 
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Figure  1:  Scriematic  drawing  of  the  2-2  composite:  (a)  strain  profile 
(dashed  line)  of  the  composite  from  the  isostrain  model  when 
subjected  to  a  uniaxial  stress;  (b)  real  sU'ain  profile  (dashed  line). 


the  shear  modules  of  the  polymer  phase  needs  to  be  infinity,  which 
is  not  practical.  This  explains  why  the  theoretical  calculations  based 
on  the  isostrain  model  always  overestimate  the  piezoelectric 
response  of  composites.  Shown  in  figure  2  is  the  strain  profile  for  a 
1-3  composite  manufactured  by  Fiber  Materials,  Inc..  The  strain 
profile  was  measured  by  the  double  beam  laser  interferometer. 
Clearly,  the  strain  in  the  polymer  phase  is  much  smaller  than  that 
expected  from  the  isostrain  model.  The  major  advance  of  our 
mt^el  is  to  take  into  account  this  nonuniformity  of  the  strain  profile 
in  the  constituent  phases  explicitly.  Therefore,  this  model  can  make 
quantitative  predictions  on  the  dependence  of  the  effective  material 
properties  of  a  composite  on  the  properties  of  its  constituent  phases 
and  the  sample  geometric  factors. 


Position  (mm) 


Figure  2:  Strain  profile  for  a  1-3  composite  measured  by  the  double 
b(^  laser  interferometer.  Hatched  regions  are  PZT  rods 


The  strain  profile  in  2-2  composites 
The  cross  section  of  a  2-2  lamelhu'  ceramic-polymer  composite 
is  shown  in  figure  3,  where  a  and  d  are  the  dimensions  of  the 
ceramic  plate  and  the  polymer  respectively  in  the  x-direction,  and  L 
is  the  thickness  of  the  composite  in  the  z-dii  ection.  The  dimension 
of  the  composite  in  the  y-direction  is  much  larger  than  L,  a  and  d. 

Under  a  uniaxial  stress  Ty,  both  the  polymer  and  the  ceramic 
are  either  sketched  or  compressed  depending  on  the  sign  of  Ty. 
From  symmetry  consideration,  the  z=0  plane  (mirror  plane)  does  not 
move  at  all  in  the  z-direction.  In  the  near  static  case,  one  can  assume 
the  strain  to  be  uniform  in  the  z-direction  for  any  given  x. 

Taking  a  segment  as  shown  in  figure  3  with  unit  length  in  the  y- 
direction  (h=l),  the  total  shear  force  in  the  z-direction  fs  is 
fs=(L/4)  p  ux*(x,  L/2)  dx 

where  u(x,  L/2)  is  the  displacement  profile  at  the  top  surface  of  the 
polymer,  p  is  the  shear  modulus  of  the  polymer.  In  the  x-direction 
the  composite  can  move  freely  and  the  stress  component  in  this 
direction  is  therefore  zero.  In  the  y-direction,  the  polymer  is 
bounded  by  the  ceramic  plates  and  the  total  stress  in  this  direction  is 
lumped  into  T2  since  we  are  not  interested  in  the  details  of  this  stress 
component.  From  these  conditions,  one  can  write  down  the 
constitutive  relations  for  this  elastic  body: 

2  L/2)  ^T3)^S32T2  (la) 

^2  =  S22T2 +S,2(^  U,^X,L/2)-I-T3)  (1b) 

where  S2  is  the  y-component  of  the  strain  in  the  polymer  phase,  Sy 
is  the  elastic  compliance.  For  the  polymer,  one  has  the  relations: 

S22=syy  and  sy2/syy=-a,  where  O  is  the  Poisson's  ratio.  Fur  a  2-2 
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Figure  3;  A  section  of  2-2  composite  for  our  analysis. 


composite  with  its  y-dimcnsion  much  larger  than  L,  a  and  d,  S2  is 
prKtically  a  constant  and  is  independent  of  x.  That  is.  the  strain  in 
this  direction  can  be  modelled  by  the  isostrain  approximation. 
Combining  eqs  (la)  and  (lb)  to  eliminate  T2  yields 

2u(x^L/2)  ^  M  u,^x,  1/2)  +8^1-0^)13-082  (2) 

If  one  neglect  the  stress  effect  in  the  y-direction,  eq.  (1)  will  be 
reduced  to 

- L - =  *33^)1  L/2) +S33T3  (3) 

Hence,  the  effect  of  the  y-direction  stress  on  the  strain  in  the  z- 
direction  is  to  modify  the  clastic  compliance  $33  to  $33(1-0^)  and  to 
add  an  additional  constant  term  (Poisson's  ratio  effect)  in  the 
equation.  It  does  not  affect  the  functional  form  of  the  equation. 
Considering  the  fact  that  both  T3  and  S2  are  constants,  we  can  make 
variable  substitution:  v=u+  (L/2)(  o  S2-  S33  ( 1  -o^)  T3)  and  equation 
(2)  becomes 

2yi^f^i.S33(lV)L^v„(x,L/2)  (4) 

Therefore,  the  strain  profile  in  the  polymer  phase  between  the  two 
neighboring  ceramic  plates  is _ 

^Acosh(2^V2Y/(n(l-a  »)  +^-083  (5) 

where  A  is  the  integration  constant,  ¥=1/533  is  the  Young's 
modulus  of  the  polymer  phase.  x=0  is  at  the  center  of  the  polymer 
filling.  A  can  be  determined  from  the  boundary  condition:  A= 


d  /  2 

(2u(vTL -T3/Y  +  aS2)/cosh(^  »  2Y/(n(l-o  ))),  where  2uo/l  is  the 

strain  in  the  polymer-ceramic  interface.  For  the  situation  when  there 
is  only  one  ceramic  plate  in  the  composite,  the  longitudinal  strain  of 
the  polymer  phase  is  _ 

2u/L=  B  exp(-  1 V  2Y/(4(  1  -a  » )  +^  -  oS  ^  (x>a/2) 

and  _  (6) 

2u/L=  B  exp(^^-^-  ^  V 2Y/(m(  1  -o  » )  +  y  -  2  (x<:-a/2) 

where  x=0  is  set  at  the  center  of  the  ceramic  plate. 

To  compare  with  the  theory,  several  2-2  composites  were 
made  using  PZT-5A  plates  embeded  in  spurs  epoxy  matrix.  The 
longitudinal  strain  S3=2u/L  of  the  sample  was  mapped  out  along  a 
path  parallel  to  the  x-axis  (refer  to  figure  1)  using  the  double  beam 
laser  interferometer.  Presented  in  figure  4  is  the  profile  taken  from 
one  of  these  scans.  The  solid  line  in  the  figure  is  the  fitting  using 
eq.  (5)  for  the  polymer  regioi.s  between  the  PZT  plates  and  eq.  (6) 
at  the  two  edges  of  the  sample.  Clearly,  the  theoretical  curve 
describes  the  data  quite  well.  From  fitting  the  data,  one  can  obtain 

the  value  of  Y/()i  (l-o  2))=3.35.  For  an  isotropic  medium,  we 
have  the  relationship  Y/)i  =2  (l-o).  Therefore,  from  the  value  of 
Y/((A  (1-0  2))=3.35,  we  can  derive  0=0.4,  which  is  a  reasonable 


Figure  4;  Comparison  between  the  experimentally  measured  strain 
profile  (dots  in  the  figure)  of  a  2-2  composite  and  the  theoretical 
curves  (solid  lines). 


value  for  the  spurs  epoxy  used. 

Single  rod  1-3  composite 

Although  the  basic  stress  uansfer  mechanism  between  the  two 
constituent  phases  in  a  1-3  type  composite  is  similar  to  that  in  the  2- 
2  type,  the  problem  of  solving  the  strain  profile  in  a  regular  1  -3 
composite  is  more  involved  and  may  be  calculated  numerically. 
Here  we  will  only  treat  one  special  case,  a  single  rod  1-3  composite 
subjected  to  a  hydrostatic  pressure,  to  show  quantitatively  how 
various  parameters  affect  the  performance  of  a  1-3  composite.  The 
single  rod  composite  is  schematically  drawn  in  figure  S,  where  a 
cylindrical  coordinate  system  is  used.  This  configuration  is  a 
reasonable  approximation  to  the  composite  with  triangularly 
arranged  ceramic  rods  (for  which  the  unit  cell  has  hexagonal 
symmetry)  and  at  low  ceramic  content,  the  results  here  could  even 
be  used  for  composites  with  other  rod  arrangements.^ 


Figure  5;  Schematic  drawing  of  a  single  rod  1-3  composite. 


Similar  to  the  2-2  composite  situation,  the  force  equilibrium 
condition  for  the  polymer  phase  can  be  written  in  the  following 
form^ 


where  the  meaning  of  each  quantity  is  similar  to  that  in  the  preceding 
section  and  p  is  the  hydrostatic  pressure.  One  can  write  down 
similar  equation  for  the  strain  profile  in  the  ceramic  rod.  The  strain 
profile  for  the  polymer  phase  is  therefore  given  by 

2u/L  =  A  Ko(r/^)  +  B  Io(r/^)  -  ( 1  -2  o)  p/Y  (8) 

where  Ko(p)  and  Io(p)  are  zeroth  order  modified  Bessel  functions. 
A  and  B  can  be  determined  from  the  boundary  conditions.  From  the 
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siniti  profile,  one  can  calculate  the  stress  transfer  between  the  two 
constituent  phases  and  hence  the  effective  piezoelectric  hydrostatic 
strain  constant  da: 


(9) 


where  Vc  is  the  volume  content  of  the  ceramic  in  the  composite.  d33c 
and  d3]^  are  the  piezoelectric  constants  of  the  ceramic  phase,  and 
is  the  stress  amplification  factor;^ 


-I  iCPf^n  i(p r)K  ,(p,)-I  i(Pa)K  ,(pfVl[( l-2o)/Y  -(1  -2a  ySa) 


/  2S33 
V  C44 


I(j(P,)Ut(pR)Kl(Pa)->l(Pa)Kl(pR)l+ 


Y  Yp 


I  i(Pa)f*  l(Prf*^o(P»)''’lo(Pa)*^  l(pR>l 


(10) 


where  S33  and  C44  are  the  elastic  compliance  and  the  shear  constant 
of  the  ceramic,  o'  is  the  Poisson's  ratio  of  the  ceramic. 


pr  =(2  rA-)  Y  ^  and  pr'  =(2  r/Dy 

the  stress  amplification  factor  depends  on  the  elastic  properties  of  the 
constituent  phases  and  most  importantly,  on  the  aspect  ratio  of  the 
ceramic  rod.  Poitted  in  figure  6  is  the  calculated  results  for  dh  from 
eq.  (9)  for  several  different  aspect  ratios  for  a  PZTSH-Spurs  epoxy 
composite.  The  input  data  can  be  found  in  reference  6,  Clearly, 
asjject  ratio  of  the  PCT  rod  is  an  important  parameter  in  determining 
the  piezoelectric  performance  of  1-3  composites. 

Shown  in  figure  7  is  the  comparison  between  the 
experimentally  measured  db  for  a  1-3  composite  with  1%  PZT 
volume  content  in  spurs  epoxy  matrix  and  that  calculated  from 
equation  (9).  The  parameters  used  in  the  calculation  arc  listed  in 
reference  6,  and  dtt  and  dt  1  were  treated  a.s  fitting  parameters.  The 
agreement  between  the  experimental  result  and  theoretical  calculation 
is  satisfactory. 


Figure  6:  The  hydrostatic  piezoelectric  constant  dh-  as  a  function  of 
the  ceramic  content  at  the  aspect  ratio  of  a/L=()  05,  0  1 , 0  2,  0.5  and 
1 .0  for  a  single  rod  PZT5H-Epoxy  1-3  composite. 


Conclusions 

In  general,  the  response  of  the  con.stituent  phases  of  a 
composite  to  an  external  field  is  not  unifonn  spatially.  By  taking 
into  account  tlte  nonunifonn  strain  profiles  in  the  constituent  phases, 
the  theoretical  model  presented  in  this  paper  can  quantitatively 
predict  the  pcrfonnance  of  these  composites.  Theoretical  predictions 
agree  quantitatively  with  the  experimental  results. 
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Figure  7:  Thickness  dependance  of  dh  for  a  1  -3  composite  and  ilte 
comparison  with  the  theoretical  prediction.  The  radius  of  the  PZT 
rod  is  0.405  mm. 
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Abstract 

The  BtronQ  dependence  of  the  aenaltivlty  on  the 
hydrostatic  pressure  is  a  well  known  problem  for  sensi¬ 
tive  hydrophones.  Hydrophones  stable  up  to  a  10  MPa  or 
a  IS  MPa  hydrostatic  pressure  and  with  a  gh.dh  figure 
of  merit  respectively  equal  to  28. 10"'^ Pa  ■’  or 
16. 10' ' ^ Pa' ’ are  proposed. 

Those  hydrophones  are  made  on  the  1.3.1  piezo- 
composite  basis.  For  this  kind  of  connectivity,  there 
is  no  lateral  contact  between  the  polymer  matrix  and 
the  PZT  rods.  The  PZT  rods  are  inserted  in  holes  made 
in  the  polymer  matrix  and  are  held  between  two  metallic 
armature  plates. 

The  hydrophone  sensitivity  and  figure  of  merit 
variations  versus  the  hydrostatic  pressure  are  compared 
to  the  PZT  piezoelectric  coefficients  dependence  on  the 
uniaxial  stress  applied  along  the  polarization 
direction. 

An  optimalization  approach  is  proposed  based  on 
a  complete  characterization  of  the  PZT  under  uniaxial 
stress  and  on  a  FEM  model  of  the  piezocomposite. 


FIGURE  1 I  A  1.3.1  Piezocomposite  device  (not  embedded) 


the  different  parts  of  the  composite.  In  this  paper,  a 
characterization  of  the  1.3.1  piezocomposite  under  high 
hydrostatic  pressure  is  given  and  an  optimization 
taking  account  of  the  pressure  stability  is  proposed. 


Introduction 

A  lot  of  studies  have  been  made  during  the 
fifteen  past  /ears  in  order  to  make  piezoelectric  mate¬ 
rials  presenting  a  large  hydrostatic  mode  sensitivity. 
One  of  these  materials,  the  1.3  PZT-Polymer  piezocom¬ 
posite,  early  investigated  by  Newnham  and  al.^,  con¬ 
sists  of  parallel  PZT  rods  embedded  in  a  polymer 
matrix.  This  composite  is  based  on  the  most  widely 
exploited  stress  transfer  principle  involving  shear 
stresses  at  the  matrix-rod  interface  ^ .  However,  in 
order  to  be  efficient,  this  kind  of  stress  transfer  re¬ 
quires  very  thin  PZT  rod  shapes.  An  other  difficulty  is 
the  parasitic  transverse  coupling  due  to  the  high 
Poisson’s  ratio  of  very  compliant  polymers.  Very  sensi¬ 
tive  devices  have  been  made,  taking  account  of  these 
problems,  by  using  foamed  polymer  matrices^,  fiber 
reinforced  matrices^  or  matrices  with  a  single  large 
void^  and  needle  shaped  PZT  rods  for  all  of  them. 

In  order  to  make  1.3  piezocomposites  with  a 
common  industrial  PZT  rod  shape,  a  transducer,  shown  on 
Fig.l,  was  designed  with  the  rod  shape  not  directly 
involved  in  the  stress  transfer  accuracy.  This  device 
presents  the  general  properties  of  a  1.3  piezocomposite 
but  without  any  lateral  contact  between  the  polymer 
matrix  and  the  PZT  rods.  No  charges  are  by  this  way 
generated  by  the  lateral  coupling  of  the  PZT.  The 
stress  transfer,  not  directly  based  on  the  interface, 
is  carried  out  by  two  metallic  armature  plates  used  as 
electrodes  and  providing  also  a  reinforcement  of  the 
polymer  matrix  in  the  transverse  directions.  This 
device  is  referenced  as  1.3.1  PZT-Polymer-Air  compo¬ 
site,  the  air  surrounding  the  PZT  rod  in  the  matrix 
hole  corresponds  to  the  last  figure  in  the  connectivity 
expression.  First  studies  ^  showed  the  influences  of 


B»P«»)r4b»btal 

Sample  Preparation 

The  polyurethane  matrix  (Flexcomet  94SA)  is 
primarily  cut  to  the  desired  size  (  30mm  x  30mm  x  5mm) . 
Holes  are  drilled  following  a  square  or  hexagonal 
arrangement,  as  numerous  as  necessary  to  get  the  right 
volume  ratio.  The  armatures  plates  are  cut  in  sheet 
steel  of  various  thicknesses.  The  piezoelectric  rods 
are  2.7mm  in  diameter  and  5mm  high.  This  size  was  ini¬ 
tially  chosen  because  it  is  the  smallest  size  industri¬ 
ally  made  in  quantities  for  high  voltage  igniters.  Two 
kinds  of  PZT  have  been  used  :  a  Navy  I  type,  TDK  FM91e 
used  in  the  first  experiments  and  a  hard  one,  Fe  and  Mn 
doped  referenced  here  as  LG262  and  used  in  the  present 
work.  Tables  2  and  3  list  the  main  properties  of  those 
materials. 

The  PZT  rods  are  first  aligned  and  bonded  on 
the  first  armature  plate  ith  a  conductive  adhesive 
(epoxy  +  silver).  The  matrix  is  then  stuck  with  epoxy. 
The  rods  are  grinded  in  order  to  equalize  exactly  their 
height  to  the  matrix  thickness.  The  second  armature  is 
bonded  simultaneously  on  the  PZT  rode  and  the  matrix. 
Some  samples  have  been  reinforced  with  an  epoxy  shell 
added  on  the  lateral  sides  of  the  composite.  The 
devices  are  finally  entirely  embedded  in  polyurethane. 

Measurements 

The  piezoelectric  hydrostatic  coefficients  are 
directly  measured  in  an  oil  filled  volume  where  a  low 
frequency  (120  Hz)  low  amplitude  (400  Pa  RMS)  sinu¬ 
soidal  hydrostatic  pressure  is  applied.  A  high 
hydrostatic  pressure  up  to  15  MPa  can  also  be  applied. 
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TMLM  1  :  1.3.1  Plazocoapoaites  made  with  PZT  LG262  and  PU  94SA.  Experimental  results  and  fabrication  data. 
A(g^.d^)  =  10  .  log  (  g^.d^  /  g^.d^  >  ■  ^he  variations  are  reversrble. 


sample 

number 

PZT 

volume 

% 

nuoib 

of 

rods 

hole 

♦ 

(mm) 

plate 

thickn. 

(mm) 

epoxy 

shell 

gh.dh 

initial 

TPa'^ 

0 

A{gh.dh) 

1  cycle 
10  MPa 

A(gh. dh) 

1  cycle 

15  MPa 

£3(gh.dh) 

35  cycles 
to  lOMPa 

gh.dh) 

35  cycles 
to  ISMPa 

£1(  gh.dh) 
24  hours 

at  lOMPa 

A(gh.dh) 

24  hours 

at  ISHPa 

3204 

10.2 

16 

6 

1 

no 

24.4 

5.3 

+0.8 

-0.8 

not  meas . 

not  meas. 

not  meas. 

not  meas . 

3208 

12.7 

20 

5 

1 

no 

18.5 

4 . 6 

♦0.7 

-0. 1 

-0.4 

-1.2 

not  meas. 

not  meas . 

3209 

15.9 

25 

4.5 

1 

no 

16.5 

4.0 

0 

-0.1 

-0.5 

-0.7 

-1 

-1.3 

3213 

15.9 

25 

4.5 

1.5 

no 

16.5 

4.1 

+0.3 

0 

-0.1 

-0.5 

-0.6 

-0.8 

3219 

10.2 

16 

6 

1 

yes 

28.2 

6.5 

+  1 

-0.9 

+0.2 

-1.5 

-0.9 

-3.3 

3226 

10.2 

16 

6 

1.5 

yes 

28.3 

6.6 

+  1 .  1 

+0.2 

+  0.4 

-0,5 

-0,5 

-1.9 

3239 

12.7 

20 

5 

1.5 

yes 

21.8 

4.9 

+0.9 

+0.8 

not  meas. 

not  meas . 

+  0.5 

-0.3 

3255 

12.7 

20 

5 

1.5 

yes 

18.4 

4.6 

+  0.8 

+0.2 

+  0.2 

0 

-0.15 

-1.5 

The  hydrostatic  parameters  are  first  measured 
under  a  O.X  MPa  hydrostatic  pressure  characterizing  the 
initial  stress-free  state  of  the  composite.  The  hydro¬ 
static  coefficients  are  measured  during  2  stress 
cycles:  a  4  hours  long  one  up  to  10  MPa  and  a  6  hours 

long  one  up  to  15  MPa.  Then,  two  aeries  of  35  cycles 
(20  min)  are  applied  up  to  10  MPa  and  15  MPa.  The  hy¬ 
drostatic  figure  of  merit  is  finally  recorded  during 
two  24  hours  periods  under  10  Mpa  and  15  MPa.  Each  of 
these  6  experiments  are  separated  by  at  least  a  24 
hours  recovering  period  at  atmospheric  pressure. 

Table  1  lists  the  results  obtained  with  the  PZT 
LG262  /  PU  94SA  1.3.1  Piezocomposites.  Figure  2  shows 

typical  hydrostatic  sensitivity  (Sh)  variations  with 
the  pressure  up  to  15  MPa  for  some  of  them. 

Di«cu>«lon 

It  la  obaorved  that  the  first  pressure  cycle  is 
not  long  enough  to  evaluate  the  piezocomposite  resis* 
tance  to  hydrostatic  pressure.  Repetitive  pressure 
cycles  are  necessary  to  separate  the  stable  piezocompo¬ 
sites  from  the  unstable  ones.  Roughly,  the  decrease  of 
gh.dh  with  pressure  is  an  increasing  function  of  the 
sensitivity.  However,  some  other  parameters  should  be 
considered.  Composites  with  thicker  armature  plates  are 
generally  more  stable.  The  composites  with  the  small 
lateral  epoxy  shell  are  also  more  stable.  Composites 
without  the  shell  can  even  be  destroyed  when  the  15  MPa 
pressure  is  released  (Seunple  3204).  As  it  will  be  shown 
afterwards  ,  the  PZT  material  has  a  direct  influence  on 
the  piezocomposite  behavior  under  pressure,  but  the 
matrix  can  also  be  involved  and  particularly  in  the 


1.3.1  PIEZOCOUHOSITE  HKE.SSCKE  Dt'PE.NDENtE 
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regions  where  the  strains  are  too  important  for  a  vis¬ 
coelastic  material.  Both  the  armature  plate  thickness 
and  the  epoxy  shell  lower  the  stress  supported  by  the 
lateral  edges  of  the  matrix  and  then  limit  its  lateral 
strain  and  the  related  effects.  Considering  that  point, 
the  piezocomposites  with  a  gh.dh  equal  to  16.10'’^Pa  ' 
could  be  used  up  to  15  MPa  whereas  the  ones  with  a 
gh.dh  comprised  between  16  and  28.10''^Pa''  could  still 
be  used  up  to  a  10  Mpa  pressure. 

Hydrostatic  pressure  dependence  interpretation 

Uniaxial  scheee  of  the  1.3.1  Pieiocoeoosite 

As  a  consequence  of  the  piezocomposite  consti¬ 
tution,  it  can  be  assumed  that  the  PZT  rods  are  uni- 
axially  stressed  along  their  polar  axis.  If  dj^,  g^^ 
and  Cjj  are  the  piezoelectric  and  dielectric  parameters 

of  the  PZT  material  and  if  <d|,>,  <g„  >  and  <£33>  are  the 
hydrostatic  and  dielectric  coefficients  of  the  piezo¬ 
composite  ,  then: 

<gh>  *  P  •  933  <1)  =  B  ■  V  .  dj,  (2) 

<6  33>  =  V  (3)  <g^  .  d,,  >  =  (3^  .  v  ,  933*^33  (4) 

where  v  is  the  PZT  volume  fraction  and  0  is  the  stress 
amplification  coefficient  defined  as  follows: 

T3  =  P  •  Po  <5) 

T3is  the  uniaxial  stress  applied  to  the  PZT  rods  and  p^ 
is  the  hydrostatic  pressure  . 

P  is  also  the  ratio  of  <g(,>  to  g33  and  is  calculated  by 
this  way  from  the  measurements  under  atmospheric  pres¬ 
sure  of  both  the  PZT  rods  and  the  piezocomposite. 

PZT  longitudinal  stress  dependence  and  Units 

The  longitudinal  uniaxial  stress  effects  on  the 
PZT  coefficients,  early  investigated  by  Berlincourt  and 
Krueger*  ,  have  been  measured  on  a  special  device  allo¬ 
wing  the  measurements  of  djj  and  £33  with  a  pre-stress 
(1  to  200  MPa)  applied  to  a  PZT  rod  (cylindrical  PZT 
sample,  5mm  in  diameter  and  15mm  high) .  Figure  3  shows 
the  933  •'^33  figure  of  merit  variations  versus  the  uni¬ 
axial  stress  Tj  for  various  PZT  materials  including  PZT 
LG262  and  PZT  TDK  FM91e  used  in  our  experiments  and 
PI. 88  and  PI. 89  soft  and  hard  PZT  made  by  Quartz  et 
Silice  (Saint-Gobain  -  France).  As  observed  on  multiple 
stress  cycles*,  the  maximum  uniaxial  stress  that 

the  PZT  material  can  support  continuously  without  im¬ 
portant  decrease  of  933.933  is  assumed  to  correspond  to 
the  maximum  of  the  933*933  versus  stress  plot.  Those 
limits  can  therefore  be  easily  obtained  from  Figure  3. 


FIOURK  2  :  Hydrostatic  sensitivity  pressure  dependence 
measured  during  a  6  hours  long  pressure  cycle  up  to 
IS  MPa.  Sh  is  expressed  in  dB  ref.  lv/(xPa. 
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PIGURB  3  :  933  •‘^33  pressure  dependence  of  various  PZT 
materials  showing  the  superiority  of  Navy  III  PZT 
{PI. 89  -  Quartz  &  Silice  -  St.  Gobain  -  France). 


PZT  and  Piezocompogite  conoarison 


According  to  equations  (1)  to  (5),  it  would  be 
possible  to  derive  the  PZT  dj^  variations  versus  stress 
from  the  piezocomposite  hydrostatic  coefficient  varia¬ 
tions  versus  hydrostatic  pressure.  This  is  represented 
on  Figure  4.  The  continuous  curve,  also  plotted  on 
Figure  4,  corresponds  to  the  direct  measurement  on  a 
PZT  rod.  The  rather  good  agreement  between  both  results 
shows  the  consistency  of  the  assumptions  and  the  inte¬ 
rest  of  the  direct  PZT  characterization  under  uniaxial 
stress  for  the  piezocompos ite  design. 


lilO*rOMFAl<lSON  f’ZT  «u<i  fZT  COUfOSriES 

•I  ri 


l.ONUm'DtNAL  l.’NIAXIAI.  STHKSS  HI  (  MPa  ) 

FIGURE  4  :  Comparison  of  the  piezocomposite  d^  pressure 
dependence  (points  and  asterisks:  the  d^j  is  derived 
from  the  d^  measurements)  to  the  PZT  rod  djj  stress 
dependence  (continuous  curve). 


TABLE  2  :  Properties  of  the  polymer  materials  used  in 
the  experiments. 


Polyaer 

tpoxy 

Polyureth . 

Reference 

Resin  D  Ciba-Geigy 

94  SA  Fraaet 

4 

4 

, (10  m^/H) 

217 

3300 

Poisson's  ratio 

0.35 

0.49 

leliao  of  the  1.3.1  Prezoco 


Early  attempts  to  model  1.3.1  piezocompositee 
with  an  analytical  model  essentially  based  on  armature 
plate  deflection  hypotheses  gave  good  orders  of  magni¬ 
tude  and  some  of  the  general  tendencies  experimentally 
observed  However,  this  kind  of  model  is  unable  to 
predict  the  right  deflection  state  of  the  armatures, 
specially  in  the  case  of  multi-rods  composites.  Static 
PEM  analysis  of  the  1.3.1  piezocomposites  have  been 
made  with  the  FEM  ATILA  program^.  Figure  5  shows  the  gh 
variations  versus  the  PZT  volume  fraction  for  a  30mm 
x30mfn  x  5mm  PZT  LG262/  PU  94SA  1.3.1  piezocomposite  and 
for  various  plate  thicknesses.  For  each  PZT  volume 
fraction  the  matrix  hole  diameter  is  chosen  in  order  to 
get  the  holes  tangent  to  each  others  in  a  square  arran¬ 
gement  while  keeping  a  1mm  margin  between  two  adjacent 
holes  and  a  0.5  mm  one  between  a  hole  and  the  external 
sides  of  the  matrix.  These  margins  are  the  minimum  ones 
allowing  a  realistic  bonding  of  the  armatures  on  the 
matrix.  The  previous  experimental  results,  obtained  in 
very  similar  conditions,  are  also  plotted  showing  a 
good  agreement  between  the  experimental  and  theoretical 
results . 

Figure  6,  obtained  by  FEM  shows  the  g^  varia¬ 
tions  versus  the  lateral  size  of  the  composite  while 
the  other  parameters  are  kept  constant.  The  g^  coeffi¬ 
cient  is  an  increasing  function  of  the  composite  late¬ 
ral  size.  This  result  is  partly  due  to  the  transverse 
reinforcement  of  the  matrix  by  the  armature  plates- 
This  effect  is  combined  with  the  influence  of  the  mul¬ 
tiplicity  of  the  PZT  rods  on  the  plate  deflection. 
These  combined  effects  saturate  when  the  lateral  size 
is  5  to  6  times  the  matrix  thickness,  giving  that  way  a 
value  of  the  minimum  lateral  size  of  the  composite. 


1  'J  l  i‘TT  LUl'bi:  /  in  y4SA  FlfcZOCOMFUSlI  t 
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FIGURE  5  :  Finite  Element  Simulations  of  the  g^,  varia¬ 
tions  versus  the  PZT  volume  fraction  for  various 
armature  plate  thicknesses ( 1mm  ,1.5mm,  2mm).  Calculated 
for  a  30mmx30minx5rrun  square  composite. 


TABLE  3:  Properties  of  the  PZT  materials  used  in  the 
experiments. 


PZT  type 

TDK  PM91e  <TDR> 

PZT  L0262  (LOEP) 

d,3  (pC/M) 

309 

260 

»|j  <10'^^  .^/K) 

16.4 

14.1 

*33  !  *0 

1300 

1170 

gjj.d33(10  '5p,  1  , 

8300 

6500 

T3.3,  <»‘P.) 

40 

60 
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LATERAL  SIZE  OF  THE  FIEZOCUMFOSITE  (rum) 


FZl  .OLUMfc  FRArTiv.N 


rigVM  ^  t  9^  variations  versus  the  lateral  size  of  the  FIOUliB  7  t  Optimization  diagram  in  the  (v  ,  g^.d^} 

piezocomposite.  This  is  a  consequence  of  the  reinforce-  plane  for  a  1.3.1  PZT  LG262  /  PU94SA  piezocompoeite . 

ment  of  the  matrix  by  the  armature  plates. 


Stability  domain  -  OptlMiaation 

As  a  consequence  of  the  uniaxial  compression  of 
the  PZT  rods,  equation  (4)  means  that  the  3  constant 
locus  in  the  plane  defined  by  the  versus  the  PZT 

volume  fraction  is  a  straight  line.  Its  slope  is  pro¬ 
portional  to  3^*933*djj  .According  to  the  PZT  uniaxial 
stress  73n)ax  previously  as  a  limit,  a  maximum 

useful  hydrostatic  pressure  allows  to  calculate  a 
01  j-j*  value  equal  to  T,.*  divided  by  the  maximum 
pressure.  The  line  shares  the  plane  in  one 

stable  area  below  the  line  and  one  unstable  area  for  a 
given  PZT  and  a  working  hydrostatic  pressure.  Now,  if 
the  theoretical  g^ .d^  versus  PZT  volume  fraction  plot 
is  superimposed,  the  intersection  point  defines  the 
best  sensitivity-stability  trade-off  in  these  condi¬ 
tions.  Figure  7  illustrates  this  optimization  procedure 
in  the  case  of  PZT  LG262  and  PU  94  5A.  The  upper 
straight  line  (3^6)  is  representative  of  a  10  MPa 
working  pressure.  The  lower  one  (3‘^)  corresponds  to 
15  Mpa,  "he  optimum  trade-offs  derived  are  approxima¬ 
tely  g^.df,=s  27.10''^Pa'^  (v=ll%)  up  to  10  MPa  and 

g^.df,=  17.10' (v=16%)  up  to  15  MPa.  The  experi¬ 
mental  points  are  also  plotted  on  Figure  7.  Keeping  in 
mind  the  remarks  about  the  epoxy  shell  or  the  plate 
thickness  influences  on  the  stability,  the  experimental 
data  agree  quite  well  to  the  optimization  diagram. 

Choice  of  the  PZT  ■aterial 

The  optimization  procedure  has  been  followed 
for  a  1.3.1  piezocomposite  made  with  the  3  Navy  types 
PZT  and  polyurethane  94  SA.  Table  4  lists  the  maximum 
uniaxial  stresses  and  the  best  trade-offs  in  the  3 
cases  for  a  10  Mpa  and  a  15  MPa  uses. 

It  is  then  shown  that  ideally,  a  Navy  type  III 
PZT  should  be  the  best  suitable  material  for  deep 
underwater  hydrophone  application  of  the  1.3.1 
piezocomposites. 


TAB1«E  4  :  gh.dh  optimized  values  (lO'^^Pa'^)  for 
various  PZT  materials.  The  corresponding  PZT  volume 
fraction  is  written  between  the  parenthesis. 


PZT  type 

Navy  I 
P7.62  (QS) 

Navy  IX 
PI. 88  (QS) 

Navy  III 
PI. 89  (QS) 

50 

20 

95 

9h-‘*h  “*•> 

26  (141) 

17  (28%) 

44  (7.5%) 

.<!„  (15  NPa  use) 

18  (20%) 

14  (100%) 

30  (11.5%) 

Conclusions 

It  is  experimentally  shown  that  the  1.3.1  com¬ 
posite  solution  allows  to  get  f^9  -^8  of  merit  up 

to  28.10  '^^Pa  ^  without  using  needle  shaped  PZT  rods. 
Moreover,  a  rather  small  pressure  dependence  is  demons¬ 
trated  making  those  composites  interesting  up  to  a  10 
or  a  15  MPa  hydrostatic  pressure.  Finite  Element  Mode¬ 
ling  of  these  structures  gave  good  results  allowing  a 
realistic  optimization.  The  optimization,  based  on  an 
efficient  characterization  of  various  PZT  materials 
under  high  uniaxial  stress,  showed  the  best  suitability 
of  Navy  III  type  PZT  for  1.3.1  piezocompoeite  hydro¬ 
phones.  Figures  of  merit  up  to  30.10  ’^Pa'^  could  be 
reached  while  keeping  a  good  pressure  stability  up  to 
IS  MPa. 
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PIEZOELECTRIC  TRANSDUCERS 
FOR  MEDICAL  ULTRA  TONIC  IMAGING 

T.  R.  Gururaja 
Hewlett-Packard  Company 
3000  Hinuteman  Road 
Andover,  MA  01810-1099 


In  clinical  pulse-echo  ultrasonic  imaging,  the 
piezoelectric  transducer  provides  the  link  between  the 
human  body  being  imaged  and  the  processing  electron¬ 
ics.  The  requirements  of  a  transducer  for  diagnostic 
applications  are  illustrated  in  this  paper  with 
specific  examples.  Furthermore,  the  material  para¬ 
meters  that  influence  transducer  design  are  discussed. 
The  current  status  of  the  piezoelectric  transducer 
design  and  common  approaches  taken  to  improve  the 
design  are  also  presented. 


Introduction 

The  applications  of  ultrasound  medical  imaging 
span  a  wide  frequency  range  starting  from 
approximately  1.5  MHz  up  to  30  MHz  depending  on  ihe 
organs  to  be  imaged.  For  abdominal,  obstetrical, 
and  cardiological  applications,  the  ultrasonic 
frequencies  employed  range  from  2  to  5  MHz.  For 
pediatric  and  peripheral  vascular  applications,  the 
range  is  from  5  to  7.5  MHz.  For  imaging  small  objects 
such  as  the  eye  and  for  many  other  emerging  modalities 
such  as  intracardiac  and  intravascular  imaging, 
frequencies  range  from  10  to  30  MHz. 

In  any  imaging  system,  one  or  the  factors  which 
limits  the  attainable  resolution  is  the  wavelength  of 
the  radiation  used  to  form  the  image.  The  relation¬ 
ship  between  the  wavelength  and  frequency  of  sound  is 
given  by:  wavelength  (A)  x  frequency  (f)  •  velocity 
in  the  propagating  media,  the  velocity  of  sound  in 
the  human  body  is  approximately  1500  m/sec.  Thus,  the 
attainable  resolution  span  from  1  mm  to  50  micrometers 
for  the  frequency  range  from  1.5  to  30  MHz.  The 
highest  frequency  that  can  be  used  for  a  particular 
application  is  limited  by  frequency  dependent 
attenuation  (approximately  0.5  dB/cm/MHz)  within  the 
body. 


Principle  of  Ultrasonic  Imaging 


Acoustic  impedance  (Z)  of  the  propagating  medium 
is  a  key  property  on  which  ultrasonic  imaging  is 
based.  The  acoustic  impedance  of  the  medium  is  defined 
as  the  product  of  density  of  the  medium  and  the  veloc¬ 
ity  of  sound  in  the  medium.  The  unit  of  acoustic 
impedance  is  kg/m‘sec  and  is  termed  Rayl.  The 
acoustic  impedance  of  biological  materials  such  as 
blood,  muscle,  fat,  and  tissue  range  from  1.3  to  1.7 
MRayl .  Bones  exnibit  r'latively  high  acoustic 
impedance  of  3. 8-7. 4  MRayl.  The  phenomenon  of 
reflection  and  transmission  of  acoustic  signals  at  an 
interface  between  two  media  is  the  basis  for  the 
ultrasonic  imaging. 


the  reflected  echo  reaches  the  transducer,  the 
translucer  generates  a  voltage  proportional  to  tne 
ucoustic  impedance  mismatch  at  the  interface.  The 
time  ation  between  the  signal  and  the  returned  echo 
is  proportional  to  the  distance  of  the  interface  from 
tlie  transducer.  The  acoustic  signal  transmitted 
through  the  interface  serves  to  detect  other  impedance 
discontinuities  that  may  be  present  at  farther 
distances . 

In  medical  diagnostic  applications,  the  existence 
of  an  acoustic  impedance  difference  between  the 
various  biological  .naterials  in  the  body  and  also  the 
impedance  variation  from  one  tissue  to  anothe.  is  used 
to  generate  a  two-dimensional  grey  scale  image  [1]. 
The  fact  that  the  acoustic  impedance  variation  from 
one  soft  tissue  to  another  is  relatively  small  is 
beneficial  since  energy  is  allowed  to  propagate  across 
several  interfaces  providing  imaging  capability  with 
fairly  large  depth  ranges.  The  human  body,  to  a  large 
extent,  is  compiled  of  water-like  media  and  cannot 
support  transverse  waves.  Thus,  in  all  of  the  diag¬ 
nostic  applications,  only  longitudinal  ultrasonic 
waves  are  used. 

The  mode  most  frequently  used  in  today's  ultra¬ 
sound  equipment  is  the  B-'ode  B-mode  is  a  method  of 
echo  display  in  which  echo  :>iyr?’s  are  represented  as 
intensity  modulated  lines  on  a  display.  In  the  early 
stages  of  development,  transducer  was  translated 
manually  to  form  a  two-dimensional  image  on  a  cathode 
ray  tube  (Figure  1).  Presently,  the  transducer  is 
rapidly  rotated  or  scanned  electronically  to  form  a 
real-time  image. 


B-Mod«  Scannar 


Figure  1;  Principle  of  Ultrasonic  Imaging 


The  electronic  sc  mer  uses  an  array  transducer 
for  scanning  in  which  small  elementary  transducers  are 
placed  side  by  side  on  a  straight  or  a  curved  line. 
Typical  scanning  formats  are  linear  and  sector 
scanning. 


The  pulse-echo  modality  in  which  a  piezoelectric 
transducer  acts  as  both  acoustic  source  and  detector 
of  ultrasound  is  the  most  common  technique  used  for 
ultrasonic  imaging  (Figure  1).  In  this  method,  the 
transducer  is  excited  by  an  electrical  signal  to  emit 
short  duration  acoustic  waves  into  the  medium  tn  be 
interrogated.  When  the  acoustic  wave  encounters  an 
impedance  discontinuity,  some  of  the  energy  is 
reflected  backwards  and  some  travels  forward.  When 


In  linear  scanning  (Figure  2a),  a  group  of 
elements  are  driven  simultaneously  and  echo  signals 
are  received  by  the  same  group.  In  the  second  trans¬ 
mission,  one  or  more  elements  are  deactivated  while 
new  elements  are  activated  to  drive  and  receive  as  in 
the  first  transmission.  This  function  continues 
through  all  of  the  array  elements  to  complete  one  scan 
and  produces  one  cross-sectional  image  or  frame. 
Real-time  instruments  acquire,  process,  and  display 
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images  at  a  rate  of  20-30  frames  per  second.  Figure  3 
shows  the  rectangular  format  of  an  image  produced  by  a 
linear  array.  A  transducer  in  which  the  elements  are 
arranged  on  a  curved  line  is  called  curved-linear 
array.  Such  an  array  provides  a  trapezoidal  format  of 
the  image  to  facilitate  wider  area  of  viewing  at 
deeper  depths. 

2d  2b  2c 

PHASED  ARRAY  MECHANICAL 
UNEAR  ARRAY  SECTOR  SECTOR 


Figure  2:  Types  of  Real-Time  Transducers 


Figure  3;  Rectangular  Format  of  a  Peripheral  Vascular 
Image  Produced  by  a  Linear  Array  Transducer 


In  sector  scanning  (Figure  2b),  each  element  is 
driven  appropriately  delayed  in  relation  to  its  part¬ 
ners,  so  that  the  ultrasound  beam  generated  from  the 
transducer  propagates  at  a  direction  determined  by  the 
delaying  conditions.  By  sequentially  varying  these 
delaying  conditions,  the  ultrasound  beam  scans  in 
sector  format.  This  type  of  transducer  is  called  a 
phased  array  transducer.  In  both  linear  and  sector 
scanning,  an  appropriate  phase  delay  can  be  superposed 
to  focus  the  acoustic  beam  at  a  certain  penetration 
depth  in  the  human  body.  Figure  4  shows  the  sector 
image  of  the  four  chambers  of  a  heart. 

In  a  phased  array,  the  elements  are  approximately 
XII  wide  at  the  frequency  of  operation  to  avoid  the 
problem  of  grating  lobes.  However,  in  linear  arrays 
which  do  not  steer,  the  width  of  each  element  could  be 
as  wide  as  3  XJ^..  The  width  for  linear  and  phased 
array  elements  with  a  center  frequency  of  5  MHz  is 
approximately  450  and  150  micrometers,  respectively. 
The  elevation  dimension,  which  is  perpendicular  to  the 
scanning  plane,  is  chosen  based  on  the  desired  focal 
distance  and  depth  of  penetration. 


Figure  4:  Image  of  a  Four  Chamber  View  of  a  Heart 
Produced  by  Phased  Array  Transducer  in  a  Sector  Format 

In  one  type  of  mechanical  scanning,  a  circular 
shaped,  single  element  transducer  is  wobbled  inside  a 
fluid  medium  to  generate  a  90°  sector  scan  (Figure 
2c).  In  such  a  mechanical  scanner,  a  single  element 
can  be  replaced  by  a  concentric  circular  ring  array 
element  to  facilitate  electronic  focusing  at  different 
distances  along  the  axis.  Such  a  transducer  is  called 
an  annular  array. 

Figure  5  shows  a  30  MHz  image  of  an  artery  from 
one  of  the  emerging  modalities,  namely  intravascular 
ultrasonic  imaging.  In  this  modality,  the  transducer 
located  at  the  tip  of  a  catheter  is  rotated  along  the 
axis  of  catheter  at  approximately  1800  rpm  to  generate 
a  real-time  image.  Each  division  in  the  figure 
corresponds  to  1  mm. 


Figure  5:  Image  of  an  Artery  Produced  by  an 
Intravascular  Transducer  in  a  Circular  Format 


Broad  Bandwidth  Transducers 

For  medical  ultrasonic  imaging,  it  is  desirable  to 
use  a  broad  bandwidth  transducer  for  the  reasons 
listed  below.  Broad  bandwidth  is  a  relative  term, 
which  usually  means  that  the  6dB  fractional  bandwidth 
of  the  pulse-echo  spectral  response  is  in  excess  of 
50%. 
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1.  Broad  bandwidth  response,  in  most  circum¬ 
stances,  corresponds  to  a  short  pulse  length,  which 
results  in  better  axial  resolution. 

2.  Short  driving  pulses,  which  are  used  to  excite 
transducers,  have  broad  frequency  content.  Therefore, 
narrow  bandwidth  transducers  cannot  be  driven 
efficiently. 

3.  Broad  bandwidth  offers  deeper  penetration  into 
the  body.  This  is  because  of  the  frequency  dependent 
attenuation  of  ultrasound  in  the  tissue.  The  effect 
of  tissue  attenuation  on  the  broad  bandwidth  impulse 
response  of  a  transducer  (approximately  70%  with 
center  frequency  at  5  MHz)  is  illustrated  in  Figure  6. 
As  shown  in  the  figure,  the  signal  at  5  MHz  is 
significantly  attenuated  in  traversing  12  cms.  If  the 
impulse  response  did  not  contain  much  component  at 
lower  frequencies,  the  penetration  would  be  limited. 
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Figure  6:  Effect  of  Tissue  Attenuation  on  the 
Spectral  Response 


Image  at  5.5  MHz 


Image  at  7.5  MHz 


4.  Broad  bandwidth  also  offers  the  advantage  of 
operating  the  transducer  at  multiple  frequencies.  For 
deeper  penetration  the  transducer  can  be  operated  at 
lower  frequencies,  and  for  better  resolution  the 
transducer  can  be  operated  at  higher  frequencies.  The 
concept  of  a  multiple  frequency  transducer  is  illus¬ 
trated  in  Figure  7,  where  we  compare  the  images  of  a 
pediatric  heart  from  a  dual  frequency  transducer 
operating  at  5.5  and  7.5  MHz.  The  concept  of  multiple 
frequency  transducers  have  a  major  impact  in  trans¬ 
esophageal  echocardiography,  where  the  transducer 
attached  to  a  gastroscope  is  positioned  in  the 
esophagus  for  imaging  the  heart.  It  becomes  extremely 
inconvenient  to  replace  the  transducer  to  obtain  a 
better  resolution  or  a  deeper  penetration.  A  broad 
bandwidth  transducer  can  also  be  operated  in  a  broad 
band  transmitting  mode  associated  with  a  sliding 
filter  on  receive  to  optimize  the  resolution  and 
penetration  in  one  image. 


Figure  7:  Phased  Array  Image  of  a  Pediatric  Heart  at 
5.5  and  7.5  MHz  Obtained  Using  a  Dual  Frequency 
Transducci' 


Transducer  Design 

In  order  to  design  an  ultrasonic  transducer  with 
broad  bandwidth  response,  we  have  to  satisfy  the 
following  two  criteria: 

1.  Effectively  couple  electrical  energy  from  the 
driving  electronics  to  the  transducer  across  the 
frequency  range  of  interest.  This  is  referred  to  as 
electrical  impedance  matching. 

2.  Effectively  couple  acoustic  energy  from  the 
transducer  to  the  load  and  back  across  the  frequency 
range  of  interest.  This  is  referred  to  as  acoustic 
impedance  matching. 


5.  Broad  bandwidth  also  lets  us  perform  20 
imaging  at  a  higher  frequency  and  perform  Doppler  mode 
and  color  mapping  for  blood  flow  velocities  at  lower 
frequencies  for  better  penetration  and  detecting  wider 
range  of  blood  flow  velocities. 


For  electrical  impedance  matching,  it  is  ideal  to 
have  the  transducer  (acoustically  loaded  on  the  front 
face)  to  exhibit  50  Ohm  as  the  real  part  and  zero  Ohm 
as  the  imaginary  part  of  impedance.  For  acoustic 
impedance  matching,  it  is  ideal  to  use  a  piezoelectric 
material  with  an  acoustic  impedance  of  1.5  MRayl . 
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Acoustic  Impedance  Matching 

The  piezoelectric  materials  most  commonly  used  in 
transducers  for  medical  imaging  are  soft  piezo¬ 
electrics  such  as  PZT-5A  and  PZT-5H.  Acoustic 
impedance  of  PZTs  vary  from  30  to  36  MRayl  depending 
on  the  composition  and  geometry  of  array  elements. 
Acoustic  impedance  of  PZT  is  relatively  large  compared 
to  that  of  the  human  body  (1.5  MRayl).  If  we  try  to 
couple  the  acoustic  energy  from  an  air-backed  PZT  to 
the  human  body,  large  acoustic  impedance  mismatch 
leads  to  pulse  response  with  long  ringdown  as  shown  in 
Figure  8a.  This  transducer  structure  will  have  good 
sensitivity  at  the  cost  of  poor  resolution.  To 
improve  the  axial  resolution,  we  can  provide  PZT  with 
an  acoustically  matched  backing  material.  This 
results  in  an  extremely  short  pulse  length  at  the 
expense  of  sensitivity  (Figure  8b).  We  can  lower  the 
backing  impedance  and  provide  a  front  matching  layer 
to  improve  both  pulse  length  and  sensitivity  (Figure 
8c).  The  matching  layer  could  be  one  or  more  in 
number  or  a  single  layer  with  graded  acoustic 
impedance.  Thus,  the  acoustic  impedance  matching  is 
tailoring  of  the  pulse-echo  response  by  optimizing  the 
backing  and  front  matching  layer(s)  impedances 
relative  to  that  of  the  piezoelectric  material.  The 
transducers  are  also  provided  with  a  lens  material  in 
front  of  the  matching  layer(s)  to  collimate  the 
ultrasound  beam  at  a  specified  distance. 
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Figure  8;  Transducer  Design 
E2,e  c  t  r  i  c  a  1  I  mp  ed  a  nee  M  etching 

Real  and  imaginary  part  of  impedance  of  a  trans¬ 
ducer  element  loaded  on  the  front  side  with  water  (Z 
of  water  =  1.5  MRayl  is  similar  to  biological 
materials)  is  shown  in  Figure  9.  Contrary  to  the 
ideal  solution  for  electrical  impedance  matching,  both 
the  real  and  imaginary  part  vary  as  a  function  of 
frequency.  The  peak  value  and  variation  of  impedance 
as  a  function  of  frequency  are  inversely  proportional 
to  frequency,  dielectric  constant  of  the  piezoelectric 
material  and  area  of  the  element.  Acoustic  impedance 
of  piezoelectric  material  and  the  matching  layer 
design  also  influences  the  electrical  impedance. 
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Figure  9;  Real  and  Imaginary  Part  of  Impedance  of  a 
Transducer  Element 


It  is  evident  from  this  analysis  that  an  appro¬ 
priate  material  choice  for  one  type  of  tran^d'irpi- 
element  operating  at  a  particular  frequency  may  net  be 
appropriate  for  another  type.  In  designing  phased 
array  elements,  we  are  faced  with  the  task  of  looking 
for  high  dielectric  constant  material  to  lower  the 
electrical  impedance.  On  the  contrary,  for  a  single 
element  transducer,  we  have  to  choose  materials  with 
lower  dielectric  constant  to  increase  the  electrical 
impedance.  The  material  criteria  might  be  quite 
unique  in  designing  an  intravascular  transducer 
operating  at  30  MHz. 

One  more  factor  that  needs  to  be  considered  in 
designing  a  transducer  is  the  attachment  of  approxi¬ 
mately  2  meter  long  cable  for  each  transducer  element. 
In  special  instances  such  as  a  transesophageal 
transducer,  the  cable  length  is  approximately  4 
meters.  In  general  practice,  an  electrical  matching 
network  is  connected  either  at  the  beginning  or  at  the 
end  of  the  cable  to  minimize  the  magnitude  and 
variation  of  imaginary  part  of  impedance. 

Table  1  compares  the  relevant  properties  of 
piezoelectric  ceramics,  PVDF  based  copolymers,  and 
ceramic -polymer  composites.  Next  to  the  properties  of 
PZT  ceramic  and  polymer  are  positive  and  negative 
signs  indicating  the  advantages  and  limitations, 
respectively,  of  the  corresponding  properties.  The 
ceramic  piezoelectrics  are  most  commonly  used  because 
they  offer  relatively  high  electromechanical  coupling, 
wide  range  of  dielectric  constant,  and  low  dielectric 
loss  factor.  Polymer  piezoelectrics  offer  desirably 
low  acoustic  impedance  and  reasonable  coupling. 
However,  several  limitations  such  as  extremely  low 
dielectric  constant  and  relatively  large  dielectric 
loss  at  high  frequencies  restrain  their  extensive  use 
in  ultrasonic  imaging  transducers.  It  is  clear  from 
the  table  that  ceramic-polymer  composites  exhibit 
properties  which  are  a  good  combination  of  ceramic  and 
polymer  piezoelectrics.  A  detailed  analysis  of  the 
composite  materials  and  their  advantages  in  ultrasonic 
imaging  transducers  are  presented  in  excellent  reviews 
[2.  3). 
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Table  1:  Comparison  of  Material  Parameters  for 
Piezoelectric  Ceramic,  Polymer,  and  Composites 
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Figure  10  compares  pulse-echo  response  of  one  of 
the  rings  of  an  annular  array  fabricated  using  a  PZT 
ceramic  and  PZT  ceramic-polymer  composites.  The  pulse 
length  of  the  composite  array  element  is  shorter  by 
approximately  one  wavelength.  The  6dB  bandwidth  of 
the  spectral  response  of  a  composite  element  is  in 
'"'cess  of  70%  (Figure  11).  Ihe  composite  array  in 
this  illustration  is  an  example  of  optimum  electrical 
and  acoustic  impedance  matching.  In  an  annular  array, 
electrical  impedance  matching  can  be  achieved  because 
of  a  relatively  large  area  of  individual  elements. 
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Figure  10:  Comparison  of  Pulse-Echo  Responses  of  an 
Annular  Array  Element  Fabricated  Using  a  Ceramic  and  a 
1-3  Composite  Element 
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Figure  11:  Comparison  of  Spectral  Responses  of  an 
Annular  Array  Element  Fabricated  Using  a  Ceramic  and  a 
1-3  Composite  Element 

For  accomplishing  electrical  impedance  matching, 
three  main  approaches  are  taken: 

1.  Materials  with  high  dielectric  constant  -  this 
is  a  materials  science  approach.  In  the  beginning, 
PZT-5A  with  low  frequency  dielectric  constant  of  1800 
was  the  material  of  choice  for  most  array  elements. 
For  phased  arrays,  the  element  widths  are  narrow  and 
require  higher  dielectric  constant  material  such  as 
PZT-5H.  In  PZT-5H,  the  dielectric  constant  at  room 
temperature  is  raised  to  approximately  3200  by 
lowering  the  curie  temperature  close  to  200°C.  There 
are  many  compositions  in  the  modified  lead  nickel 
niobate  family  with  lower  curie  temperature  where  the 
room  temperature  dielectric  constant  is  above  6000 
[4].  However,  the  main  concern  in  using  these 
piezoelectrics  is  their  susceptibility  to  dcpoling  at 
elevated  temperatures  used  in  processes  during  the 
fabrication  of  a  transducer.  It  is  also  required  that 
the  transducer  not  deteriorate  under  extreme 
temperature  fluctuation  experienced  during  shipping  or 
storage.  Ferroelectric  relaxor  materials  which  have 
dielectric  constant  maxima  of  up  to  30,000  near  room 
temperature  appear  to  be  excellent  candidates  for  tiny 
transducer  elements  [5].  However,  the  sensitivity  of 
dielectric  constant  in  these  materials  to  temperature, 
frequency,  and  dc  bias,  are  major  limitations. 

2.  Multi-layer  ceramic  material  -  this  is  a 
materials  engineering  approach  to  increase  the 
effective  dielectric  constant  [6].  The  multi-layer 
configuration  is  widely  employed  in  the  capacitor 
industry.  It  employs  two  or  more  ceramic  layers  with 
electrodes  in  between  connected  acoustically  in 
series.  One  set  of  alternating  electrodes  are 
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Intergranular  Fracture 


Transgranular  Fracture 


connected  to  one  polarity,  and  the  other  set  of 
alternating  electrodes  are  connected  to  the  opposite 
polarity  of  the  signal.  Thus,  the  layers  are 
connected  electrically  in  parallel.  The  resonance 
frequency  of  the  structure  is  defined  by  the  total 
thickness  of  the  configurations  and  is  independent  of 
the  number  of  layers.  This  configuration  will 
decrease  the  electrical  impedance  of  the  array 
elements  proportional  to  the  square  of  the  number  of 
layers  in  the  multi-layer  structure. 

3.  Preamplifier  for  each  transducer  element  - 
this  is  an  electrical  engineering  approach  where  an 
emitter  follower  is  used  to  transform  the  high  source 
impedance  of  a  transducer  element  to  the  low  output 
impedance.  This  reduces  the  loading  of  the  impedance 
by  the  long  cable  and  results  in  a  better  electrical 
matching  with  the  low  impedance  system  in  the  receive 
mode.  To  improve  electrical  matching  on  the  transmit, 
a  transformer  could  be  employed. 


Effect  of  Change  in  Material  Properties 

This  analysis  has  showed  that  piezoelectric 
materials  with  appropriate  properties  are  critical  in 
designing  transducers.  It  is  also  the  objective  of 
this  paper  to  emphasize  the  importance  of  consistency 
in  the  properties  across  a  sample,  from  sample  to 
sample,  and  from  lot  to  lot.  The  images  are  formed  by 
superposition  of  responses  from  a  number  of  elements. 
It  is  critical  that  all  of  the  elements  exhibit 
similar  characteristics. 

Variation  in  coupling  constant  and  dielectric 
constant  result  in  a  drift  in  sensitivity  and 
bandwidth.  Because  the  ultrasound  systems  are 
approved  by  FOA,  a  transducer  with  sensitivity  higher 
than  the  approved  limit  cannot  be  used  in  clinical 
applications.  Similarly,  reduction  in  sensitivity 
might  make  the  diagnosis  more  difficult. 

Longitudinal  velocity  of  sound  in  the  piezo¬ 
electric  material  influences  the  center  frequency  of 
the  transducer.  Since  the  transducers  are  low  Q 
devices,  a  shift  in  center  frequency  by  a  few 
percentages  is  not  a  major  concern.  The  variation  of 
acoustic  impedance  has  a  relatively  minor  influence  on 
the  pulse  length. 

The  mechanical  strength  has  a  major  impact  on  the 
yield  of  transducers.  Because  the  wafers  go  through 
many  operations  such  as  lapping,  polishing,  dicing  and 
handling,  mechanically  weak  ceramics  result  in  poor 
yields.  The  mechanical  strength  also  influences  the 
adhesion  of  conducting  films  used  for  electroding. 
Although  PZT  ceramics  are  relatively  easy  to 
process, small  variations  in  sintering  temperatures  and 
atmosphere  control  can  sometimes  lead  to  dramatic 
changes  in  the  microstructure  and  mechanical  behavior. 
For  example.  Figure  12  shows  the  fractured  surfaces  of 
two  different  batches  of  PZT  ceramics  from  the  same 
vendor.  Thus,  homogeneity  and  consistency  in  dielec¬ 
tric,  piezoelectric,  and  mechanical  properties  is  as 
important  as  obtaining  the  materials  with  desired 
properties. 

Summary 

Designing  a  transducer  involves  many  compromises 
[7],  Figure  13  illustrates  some  of  the  cyclic 
paradoxes  that  confront  a  transducer  designer. 
However,  the  developments  over  the  past  decade  of 
several  different  types  of  composite  materials,  PVOF 
based  co-polymers,  piezoelectric  ceramics  with  low 
transverse  coupling  and  electrostrictive  materials 
offer  opportunities  to  overcome  some  of  the 
compromises. 


Figure  12:  Intergranular  and  Transgranular  Fracture 
in  Two  Samples  of  PZT  from  Separate  Lots,  Supposedly 
Equal 


Figure  13:  Transducer  Compromise 
(After  J.  W.  Hunt  et.  al . ,  IEEE  Trans,  on  Biomedical 
Engineering,  No.  8,  August  1983) 
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Abstract 

Piezoelectric  constants  (du,  d,  and  dn)  of  1-3  and 
2-2  composites  consisting  of  0-3  subcomposite  of  polymer 
/PbTiOj  ceramic  powder  and  that  of  polymer/PZT  ceramic 
powder  were  investigated  in  order  to  obtain  “dii-zero", 
“djj-zero"  or  “d,-zero"  composite  by  changing  volume 
fraction  of  subcomposites  and  arranging  their  polarit¬ 
ies  to  be  opposite  each  other.  The  experimental  resul¬ 
ts  were  compared  with  the  theoretical  ones,  and  good 
agreements  between  experimental  and  theoretical  ones 
were  observed. 

introduction 

Piezoelectric  ceramics  with  almost  zero  kp  (i.e. 
almost  zero  dj  i )  have  been  obtained  in  (Pb,Ca)(Ti,Wi,, 
Co.yiiO)'’  and  (Pb, Sm) (Ti,Mn;0,  = '  Recently,  "di,- 
zero",  “djj-zero"  or  ''d,-zero"  were  also  obtained  in 
0-3  composites,  consisting  of  polymer  and  ceramic 
powder  mixture  of  PZT  and  PbTiOj,  by  applying  an  app¬ 
ropriate  poling  electric  field  to  the  prepoled  ones 
in  the  reverse  direction.” 

In  this  paper,  piezoelectric  properties  of  "dsi- 
zero",  "dll-zero”  or  "d,-zero"  1-3  or  2-2  type  com¬ 
posite  consisting  of  0-3  subcomposite  of  polymer/ 

PbTiOi  and  that  of  polymer/PZT  are  reported. 

Theory 

As  to  1-3  and  2-2  composites  consisting  of  phases  1 


and  2  shown  in  Fig. 1(a)  and  (b),  Banno,  ’  Skinner  et 
al.”  and  Safari”  have  derived  theoretical  equations 
for  dielectric,  elastic  and  piezoelectric  constants. 

The  equations  for  piezoelectric  d  constants  in  the 
case  that  the  elastic  constant  of  phase  1  is  equal  to 
that  of  phase  2  are  expressed  in  the  following  eqs. 

(1)  and  (2)  for  the  1-3  and  2-2  composites,  respecti¬ 
vely. 

d  ='v.'d  ♦  ’v.'d  (1) 

d  =  (‘v-'  £  .‘d  ♦  ’v.'  £  .>d]  /  [‘v.>  £  ♦  >v.'  £  ;  (2) 
where  £  =£  n,  d  is  du,  du  or  d,.  The  notation  used 
in  the  present  paper  is  similar  to  Newnham's”  and 

the  previous  paper's”. 

Now  let  us  consider  the  requirement  that  the  piezo¬ 
electric  constants  du  of  the  composites  become  zero. 
Since  dii=0  in  eqs.(l)  and  (2)  for  du,  we  obtain  for 
the  1-3  and  2-2  composites  respectively  as  follows; 


=  0 

(3) 

£  •  'd,,  =0. 

(4) 

Volume  fractions  ‘v(dii)  for  the  dn-zero  are  obta¬ 
ined  for  the  1-3  and  2-2  composites  respectively,  as 
follows; 

■v(dii)=  1/  [l-(‘d!,/>dii )]  (5) 

‘v(dii)=  1/  i:i-(‘d,i/'d.i)(’  £/■  £  )]  .  (6) 

From  0  <'v{dii)<  1  (and  of  course  ’  £ /'  £  >0),  we 
have 

(■di.  /’d.,)<  0.  (7) 

Next,  let  us  consider  the  other  requirement  that  the 
piezoelectric  constant  d,  of  the  composites  at  ‘v(dii) 
does  not  become  zero  even  at  the  dn-zero  volume  frac¬ 
tion. 

He  obtain  piezoelectric  constant  d,  of  the  compo- 
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’v 


(a)  (b) 

Fig.  1.  Schematic  representation  of  models  for  (a)  1-3 
and  (b)  2-2  composites. 

sites  at  ‘v(d>i),  for  both  the  1-3  and  2-2  composites 
as  follows; 

d.  (‘v(d.i)]  =  ’d,  [('d,  /’d,  l-Cdii/’d,,)) 

/  (1  -(‘d.i/‘d,,))  (8) 

Therefore,  we  obtain  the  requirement  that  the  piezo¬ 
electric  d.  constant  of  the  composite  does  not  become 
zero  even  at  the  dn-zero  volume  fractions,  as  follows; 
(‘d./’d,)it(‘d.,/>d,,)  (9) 

As  to  "dij-zero",  “d,-zero"  1-3  and  2-2  composites, 
one  can  obtain  d.  (‘vfdu)]  by  substituting  dit  for 
dll,  and  dn  C‘v(d,)]  by  substituting  d,  and  dn 

for  dll  and  d,  in  the  above  mentioned  equations,  res¬ 
pectively. 


Accordingly,  we  have  the  requirnents  for  "dn-zero" 
and  “d|-zero"  composites  as  follows; 


(‘d,,/*d..)<  0 

(10) 

(‘d./’d.X  0 

(11) 

and  (‘d,/’d,)5t  (‘d../*d,,)vi  (‘dM/’d,i). 

(12) 

From  eq. (12),  we  have 

(‘d,./'d..)^(’d,i/*d.,) 

(13) 

where  the  value  of  (dn/dn)  is  a  kind  of  piezoele¬ 
ctric  anistoropy  of  the  subcomposite. 

To  realize  the  above-mentiond  requirements  for  the 
“dll -zero",  “dn-zero"  or  “dn-zero"  composite,  the 
poling  direction  and  the  piezoelectric  anisotropy  of 
the  subcomposite  of  phase  1  are  necessary  to  be  oppo¬ 
site  and  not  equal  to  those  of  phase  2,  respectively. 

This  theory  is  applicable  not  only  to  1-3  or  2-2 
compos ite/composite-Coaposite  but  also  1-3  or  2-2 
ceramic/ceramic-Composite  (for  example,  PZT  ceramic 
/PbTiOj  ceramic  1-3  or  2-2  Composite). 

Experimental  procedures 

The  subcomposites  (phases  1  and  2  of  the  present 


Table  1.  P  i  e  zoe  I  ecl  r  I  c  consti  "jj.  d.  i.nb  1 ' 
and  dielecirtc  constants  of  0  ocoaposiies  a!  con 
sisting  of  pol>mer  1 50  soil)  ot  5T  or  PbriOi. 


( 


SOvoIX 

/  MwolX  ' 

I  dll  1 

dll 

1 

d. 

t  t  a 

pruthi; 

PZT 

po)y*er  j 

7.1 

f  ■ 

16  3 

1 

j 

2-2 

;  60.3 

i 

!-  ■ 

1" 

-j 

PbTiOi 

/  polyber 

-  4.Z 

L 

I. 

17.4 

35  5 

(unit}  d 

:  X  10  ’*  C  / 

composite)  were  prepared  by  the  method  described  in 
the  previous  paper*'.  The  volume  fraction  of  ceramic 
powder  was  50  percent,  and  the  ceramic  powder  of  soft 
PZT  (for  the  phase  1)  and  pure  PbTiOi  (for  the  phase 
2)  with  average  particle  sizes  of  approximately  3um 
were  used. 

The  ceramic  powder  of  PZT  or  PbTiOi  and  chloroprene 
rubber  were  mixed  and  rolled  down  into  l.Sma  for  the 
1-3  composite,  O.Smm,  O.Omm,  0.9mm  1.2nm  and  l.Smm  for 
the  2-2  composite,  at  40“C  by  using  a  hot  roller,  and 
then  heated  at  170t:  for  ISmin.  under  a  pressure  of  14 

MPa.  A  thin  coat  of  conductive  rubber  was  attached  on 
both  major  surfaces  of  the  subcomposites  (AOmnxdOnii' 
tmm)  as  electrodes.  Then,  they  were  poled  at  20T5  by 
applying  a  DC  field  of  70kv/cn  for  1  hour. 

The  specimens  were  fabricated  by  joining  the  two 
subcomposites  opposing  polarity  each  other  so  as  to 
form  the  1-3  and  2-2  composites,  and  their  sizes 


Fig. 2.  Piezoelectric  constants  (du,  d>  and  dn)  of 
1-3  composite  consisting  of  0-3  subcomposite  of  poly- 
mer/PZT  (phase  1)  and  that  of  po lymer/PbTiOs  (phase  2) 
as  a  function  of  phase  I  in  the  case  that  a  polarity 
of  phase  1  is  opposite  to  that  of  phase  2. 
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Mere  epproxlutely  40u(L)  x  40n(H)  x  l.  8m(T). 

The  voluae  fraction  of  phase  1  was  changed  froa  0/6, 
to  t/6,  2/6.  V6.  4/6,  5/6  and  6/6  by  area  of  the  1-3 
coaposite  and  by  thickness  of  the  2-2  coaposite,  res¬ 
pectively. 

The  piezoelectric  dn  constant  was  aeasured  by  a 
Berlicourt  d>i  aeter  aanufactured  by  Channel  Products, 
Inc.  The  piezoelectric  d,  constant  was  aeasured  by 
the  aethod  described  in  the  previous  paper"  .  The 
piezoelectric  d, ,  constant  was  obtained  by  the  calcu¬ 
lation  of  dji  =(d,-dn  )/2. 


Results  and  discussion 


o 
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u 


Experimental 

'I>ieoretical 

d, ( 'v(d, . ) i 
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d.(‘v(d.,); 
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_ 1 _ 1 _ 1 _ 1 

0  0.2  0.4  0.6  0.8  1 


Volune  fraction  ' v 


Table  1  shows  piezoelectric  and  dielectric  constants 
of  the  subcoaposites  (phases  I  and  2).  Froa  the 
values  In  the  Table  1  and  eqs.(5)  (6)  and  (8).  we  ob¬ 
tain  theoretical  values  of  the  voluae  fractions  for 
''d3 1 -zero",  “dsj-zero"  and  “d.-zero"  in  the  follow¬ 
ing  eqs.  (14)-(16)  for  the  1-3  and  2-2  coaposites 


v(d,  1 

)=0. 37 

and 

0.57 

(14) 

v(di  3 

)=0.61 

and 

0.73 

(15) 

v(d.  1 

II 

0 

00 

and 

0.97 

(16) 

respectively,  and  theoretical  values  of  the  piezoele¬ 
ctric  constants  at  the  volume  fractions,  in  the  follo¬ 
wing  eqs. (17)-(19)  for  the  both  the  1-3  and  2-2  compo¬ 
sites. 


d. 

;  ‘v(di 1 )) 

=  10.  1  X 

io-‘ 

'C/S 

(17) 

d, 

[‘v(d3, )] 

=  5.4x 

10-' 

'C/N 

(18) 

d>3 

[‘v(d.)) 

=  -11.6 

X  10 

-"C/N  . 

(19) 

Experinental  results  for  piezoelectric  constants  of 
the  1-3  and  2-2  composites  are  shown  in  Figs. 2  and  3, 
respectively,  where  good  agreements  between  experieen- 
tal  end  theoretical  results  were  observed. 

As  mentioned  above,  we  obtained  the  "dn-zero",  "du 
-zero"  and  "d,-zero"  composites  at  the  volune  frac¬ 
tions  expressed  in  the  eqs. (14)-( 16). 

From  eqs. (3)  and  (4),  we  obtain 

-‘d5,=(l/‘v  -  l)("dji)  (20) 

-‘d,3=(l/'V  -  l)(’dj,)(‘  £/'£).  (21) 

Accordingly,  at  a  volume  fraction  of  phase  1,  we  can 
obtain  "dji-zero"  coaposite  by  controlling  the  values 
of  'dji  and/or  'dj,  (for  example,  by  controlling  the 
the  poling  electric  field  or  by  applying  a  reverse  po¬ 
ling  field  to  the  prepoled  subcomposites). 


Fig.J.  P I  f  2oe  1  ec  I  r  I  c  constanls  Idjj.  d,  and  di,)  of 
3'2  composite  consisting  of  0-3  subcomposite  of  poll 
aer/PZT  (phase  1)  and  that  of  po  I  vaer . PbT lO 3  (phase  2i 
as  a  (unction  of  phase  I  in  the  case  that  a  polariti 
of  phase  I  is  opposite  to  that  of  phase  2. 


Conclusions 


1)  Theoretical  values  of  volune  fractions  for  “dn- 
zero”,  “dll-zero”  and  “d,-zero”  and  piezoelectric 
constants  at  the  volume  fractions  were  obtained  in 
1-3  and  2-2  composites  consisting  of  two  subconpo- 
sites  with  opposite  polarity,  different  piezoele¬ 
ctric  anisotsopy  and  identical  elastic  constant. 

2)  Good  agreeaents  between  the  theoretical  and 
experimental  results  were  observed. 
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kbstract:  Passive  vibrational  damping  was  demonstrated  in 
liezoelectric  lead-zirconium  ciate  (PZT)  tubes  incorporated  into  a 
lard  epoxy  matrix.  For  a  rated  tube,  the  coupling  constant,  k33 
neasured  from  the  rc-s<'  once  frequency,  was  about  0.66.  Sol-gel 
nethods  were  u'  !  to  fabricate  piezoelectric  fibers  of 
!*b(Zro.52Tio  4!>J03,  and  niobium  and  CdB03  substituted  PZT. 
Continuous  and  fine  gel  fibers  of  about  5  to  100  pm  in  diameter 
ivere  prepared  by  extruding  and  drawing  spinnabte-viscous  resins 
through  a  spinneret.  These  fibers  fired  at  600°C  for  1  h  exhibited 
ivell-crystallized  perovskite  phases  of  PZT.  Fibers  fired  between 

700°  and  1 250°C  were  dense  with  varying  grain  sizes  (0. 1  to  5  pm). 
The  dielectric  constant  of  Pb(Zro.52Tio.48)03  fiber  fired  at  700°C  for 
I  h  was  about  800.  These  fibers  will  incorporated  into  structural 
materials  to  obtain  maximum  damping  properties. 

I .  Introduction 

in  recent  years,  there  has  been  growing  interest,  among 
researchers  in  various  fields,  to  minimize  and  control  vibration  in 
machines  and  devices.  Vibration  can  be  significantly  reduced  by 
increasing  the  damping  of  the  dominant  modes  of  vibrations  through 
passive  and  active  damping  mechanisms.  In  active  vibrational 
damping  devices,  the  vibration  is  minimized  by  using  a  certain  active 
elements  such  as  actuators  that  alter  the  dynamic  response  of  the 
structure.  These  devices,  however,  require  the  use  of  special 
hardware  and  real-time  control-design  algorithms  for  individual 
structural  elements.  The  active  vibrational  damping  system  is 
therefore  complicated  and  is  still  in  its  developmental  stages.  By 
contrast,  in  passive  vibrational  damping  devices,  vibrational  energy 
is  dissipated  through  the  added  external  damping  media  such  as 
isolation-  or  constrained-viscoelastic  layers.  These  devices  are 
simple  and  offer  a  reliable  solution  for  vibrational  suppression  over 
a  limited  range  of  frequency.  A  more  realistic  future  damping  control 
device  is  likely  to  have  a  balanced  combination  of  both  active  and 
passive  systems. 

For  passive  and  active  damping  applications,  piezoelectric 
ceramics  with  large  electromechanical  coupling  coefficients  (kjj)  are 
potential  candidates  [1,2].  Btised  on  theoretical  and  experimental 
studies  [  1 ,2],  it  has  been  established  that  piezoelectric  ceramics  can 
provide  a  large  mechanical  loss  factor  and  thus  can  be  effective  in 
passive  damping.  Until  now,  however,  it  is  not  apparent  that  how 
and  in  what  forms  these  piezoelectric  ceramics  have  to  be 
incorporated  into  structural  materials  in  order  to  achieve  maximum 
damping.  Hence,  our  goal  is  to  develop  methods  that  allow  an 
effective  piezoelectric-passive  damping  in  large  structural  materials. 

The  first  section  of  the  paper  describes  the  incorporation  of 
commercially  available  fine  PZT  tubes  in  a  relatively  hard  polymer 
matrix.  The  PZT  tube-polymer  configuration  (1-3  composite)  is 
such  that  maximum  electromechanical  coupling  and  hence  an 
effective  damping  is  achieved  for  optimum  external  resistance.  The 
second  section  deals  with  the  sol -gel  processing  of  continuous  PZT 
and  modified  PZT  fibers,  which  would  be  incorporated  into  the 
polymer  matrix  in  the  future. 

2.  PZT/Polvmer  Composites 

Piezoelectric-ceramic  hibes  (PZT-5H)  obtained  from  Morgan 
Matroc,  Inc.  were  used  to  stv  the  passive  vibrational  damping. 
The  dimensions  of  these  tubes  ;re;  1 .28  mm  outer  diameter,  0.8 1 
mm  inside  diameter  and  10  cm  length.  In  order  to  obtain  maximum 
k33  from  these  tubes,  10  circumferential  silvei/glass  electrodes  of  I 
mm  in  width  and  1  cm  apart  were  applied  to  each  tube.  These  tubes 
were  then  fired  at  800°C  for  30  min.  After  firing,  they  were 
individually  poled  with  an  applied  field  of  “10  kV/cmat80°C  for 


10  min.  The  coupling  constant,  k33,  calculated  from  the  resonance 
frequency,  for  a  poled  tube  was  0.66. 

Fine  silver  wires  were  attached  to  the  silver  electrodes  using 
a  silver  epoxy  and  cured  at  room  temperature.  A  two-tube  module 
constructed  according  to  the  above  procedure  is  shown  in  Figure  I. 
A  hard  epoxy  was  applied  to  the  two-tube  module,  leaving  the  silver 
wires  outside  the  module  for  connecting  to  the  external  resistor,  and 
keeping  the  hollow  parts  of  the  tubes  without  filling  with  any  epoxy. 
The  epoxy  was  cured  at  room  temperature  for  24  h,  and  then  heat- 
treated  at  -65°C  for  45  min. 

The  damping  measurement  was  performed  by  exciting  the 
middle  portion  of  the  sample.  The  intensities  of  resonance  peaks 
were  measured,  while  varying  external  resistance.  Figure  I  shows 
the  damping  circuit  with  external  resistors.  The  variation  of 
mechanical  loss  factor  with  external  resistance  for  the  two-tube 
module  is  shown  in  Figure  2.  The  mechanical  loss  tangent, 
calculated  from  the  resonance  frequency  (3500  to  4000  Hz)  arises 
from  the  bending  vibration  of  the  sample.  From  the  peak  of 
mechanical  loss  tangent,  it  was  found  that  the  maximum 
piezoelectric  damping  was  achieved  for  an  external  resistance  of 

-8  MG. 


Figure  1  Schematic  diagram  of  the  poling  configuration  and 
resistive  circuit  for  the  two-tube  module. 


Figure  2  Mechanical  loss  tangent  as  a  function  of  external 
resistance  for  the  two-tube  module. 
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I.  Sol-Ccl  Fabrication  of  Continuous  PZT  and  modified 
PZT 

From  practical  viewpoint,  incorporation  of  1.28  mm 
iameter  piezoelectric-ceramic  tubes  into  structural  materials  leads  to 
lany  problems  of  feasibilities.  Hence,  efforts  were  directed  towards 
roducing  fine  piezoelectric-ceramic  fibers,  which  can  be  easily 
mbedded  into  various  types  of  structural  materials,  like  glass-fiber 
einforced  plastics. 

In  Pb{Zr,Tii.x)0}.  compositions  close  to  the  morphotropic- 
hase  boundary  (x  =  0.52  to  55),  exhibit  high  dielectric  constants, 
nd  electromechanical  coupling  coefficients  [.51.  Addition  of  a  few 
ercentages  of  niobium  enhances  the  dielectric  and  piezoelectric 
iroperties  of  PZT  ceramics.  Sol-gel  processing  of  PZT  fibers  has 
:ained  much  interest  because  of  its  simplicity,  low  processing 
emperature,  chemical  homogeneity  and  stoichiometry  control  and 
he  ability  to  produce  fibers  of  uniform  microstructure  [4,51. 
Accurately-controlled  microstructures  and  special  shaping  by 
hemical  processes  like  sol-gel  technique  are  essential  for  obtaining 
lense  PZT  ceramics  for  high-performance  applications.  The  sol-gel 
eramic  materials  of  PZT  and  modified  PZT  in  the  fibrous  form  may 
xhibit  increased  response  in  small  scale  devices.  Because  of  the 
'olatility  of  lead  at  processing  temperatures,  PZT  fibers  cannot  be 
abricated  by  the  melt  process  in  the  same  way  as  silica  fibers.  PZT 
ibers  have  been  prepared  using  a  variety  of  precursors  [6,7 1.  In 
his  paper,  we  report  the  fabrication  of  continuous 
*b(Zro.52Tio.48)03,  and  niobium  and  CdB03  substituted  PZT 
Pbo,988(Zro.52Tio,48)o.976Nbo,02403  and  [97%  Pb(Zro.52Tio.48)03 
■  3%  CdB03l]  fibers.  Different  firii  g  schedules  were  followed  in 
irder  to  obtain  fibers  with  varying  grain  sizes. 

Preparation  of  Viscous  Resins  for  Fiber  Drawing: 

The  scheme  for  the  preparation  of  spinnable-viscous  resins 
of  PZT,  and  niobium  and  CdB03  substituted  PZT  is  outlined  in 
Figure  3.  Lead  acetate  trihydrate  [Pb(CH3C00)2.3H201,  zirconium 
n-butoxide,  [Zr(OBu)4l  80%  solution  in  1 -butanol,  titanium 
isopropoxide  [TilOPr'Iai,  niobium  ethoxide  [Nb(OC2H5)5l, 
cadmium  acetate  hydrate  [Cd(CH3C00)2.xH20|  and  boron 
methoxide  [B(OCH3)3l  obtained  from  Aldrich  Chemical  Company 
were  used  as  the  starting  materials.  Lead  acetate  trihydrate  dissolved 
in  2-methoxyethanol  was  distilled  off  three  times.  A  stoichiometric 
quantity  of  ZKOBuIa  was  added  to  the  lead  solution  and  refluxed  at 
125°C  for  -6  h.  Ti(OPr')4.  Nb(OC2H5)5,  Cd(CH3COO)2.xH20 
and  B(0CH3)3  were  then  added  to  the  Pb-Zr  solution  and  again 
refluxed  at  125‘’C  for  ~6  h  to  form  the  precursor  solutions  of  PZT, 
and  niobium  and  CdB03  substituted  PZT.  A  solution  of  1  ml  of 
water  and  1  ml  of  cone.  UNO;  diluted  in  25  ml  of  2- 
methoxyethanol  was  added  to  a  vigorously  stirred  precursor  solution 
of  0.2  M  PZT  or  niobium  or  CdB03  substituted  PZT.  The  solution 
was  concentrated  by  stirring  at  ~  1 20°C,  and  then  cooled  to  -40°C 
to  form  a  viscous  resin.  As  a  result  of  the  forgoing  treatment  the 
viscous  resin  was  suitable  for  extrusion  and  drawing.  The  viscosity 
of  the  resin  in  the  fiber  drawing  region  was  at  least  10*  mPa.s. 

Drawing  and  Final  Consolidation: 

The  gel  fibers  were  extruded  through  a  spinneret  (e.g.,  with 
12  holes  of  200  pm  in  diameter)  at  less  than  100  PSI.  The  complete 
fiber  drawing,  fiber  take-up  spool  and  spinneret  assemblies  are 
illustrated  elsewhere  [8].  These  fibers  were  stretched  or  drawn  by 

mechanical  means  to  less  than  200  pm  in  diameter.  The  pulled  gel 
fibers  from  the  spinneret  were  collected  on  a  rotating  drum  with  a 
variable-speed  control.  The  drawn  gel  fibers  retained  the  shape  of 
the  spinneret  because  of  the  cohesive  property  of  the  resins. 
Because  of  the  viscoelasticity  of  the  resins,  the  drawn  fibers  were 
from  approximately  1/20  to  1/3  of  the  spinneret  nozzle  diameter. 

The  fibers  obtained  were  of  the  order  of  5  to  100  pm  in  diameter. 
Rapid  Thermal  Processing: 


Figure  3  Scheme  for  the  preparation  of  the  spinnable 
PZT,  and  niobium  and  cadmium  borate 
substituted  PZT  viscous  resins. 


210T  rapid  thermal  annealer.  These  fibers  were  supported  on  a  4” 
Si  wafer  coated  with  Platinum.  Before  each  run  the  system  chamber 
was  purged  with  high-purity  oxygen.  Typical  run  conditions  were: 
i)  a  10  s  ramp  to  700  °C,  ii)  hold  at  700  °C  for  10  s,  rmd  iii)  cooled 
down  to  room  temperature.  No  apparent  reaction  occurred  between 
the  fiber  and  the  coated  Si  wafer  during  the  brief  RTP  anneal. 

Characterization: 


Phase  transformations  and  the  weight  loss  of  the  gel  fibers 
of  PZT,  and  niobium  and  CdB03  substituted  PZT  obtained  from  the 
spinnable  resins  were  studied  using  Perkin-EImer  differential 
thermal  (Model  DTA  1700)  and  thermogravimetric  (Delta  Series 
TCA7)  analyzers  interfaced  with  a  computerized  data  acquisition  and 
manipulation  system.  Phases  crystallizing  in  the  heat-treated  samples 
were  identified  using  a  Scintag  (Model  DMC  105)  diffractometer 

with  Ni  filtered  CuKa  radiation.  The  microstructure  and  the 
diameter  of  the  heat-treated  fibers  were  studied  by  a  scanning 
electron  microscope  (ISI-DS  130,  Akashi  Beam  Technology 
Corporation,  Japan).  The  dielectric  constant  of  single  fiber  of  PZT 
was  obtained  using  a  precision  capacitance  bridge  (Model  GR  1621, 
General  Radio,  MA).  Capacitance  was  measured  using  a  three- 
terminal  shielded  measurement  at  1  kHz.  The  test  fixture  capacitance 
was  compensated  by  open-circuit  subtraction.  Fibers  of  1  to  2  mm 
in  length  were  attached  to  sputtered  gold  electrode  pads  using  a 
silver  paint. 


Niobium  substituted  PZT  fibers  preheated  at  400‘’C  for  12  h 
were  annealed  by  a  rapid  thermal  process  (RTP)  in  a  Heat  Pulse 
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The  spun  gel  fibers  were  dried  at  room  temperature  and 
heated  to  400°C  at  a  heating  rate  of  l°C/min  to  eliminate  organic 


constituents  and  most  of  the  residual  '■arbon.  Figure  4  shows  DTA 
and  TGA  curves  for  PZT  fibrous  gel  previously  heat  treated  at 
400‘’C  for  24  h.  The  pre-heated  PZT  gel  exhibited  a  weight  loss  of 
~3%  in  the  temperature  range  of  50°  to  700°C.  The  gel  exhibited  a 
sharp  exotherm  at  482°C,  followed  by  a  shoulder  at  530°C  in  DTA. 
These  peaks  can  be  attributed  to  the  crystallization  of  a  pyrochiore 
phase  and  its  conversion  into  a  pcrovskite  PZT.  XRD  results  of 
the  fibrous  PZT  gel  heat  treated  at  500°C  for  different  durations 
indicated  the  formation  of  pyrochiore  and  perovskile  phases, 
while  heat  treatment  at  600°C  resulted  in  only  the  perovskite  phase 
(Figure  5). 


Figure  4  DTA  and  TGA  curves  for  the  fibrous  PZT  gel  pre¬ 
heated  to  300°C  for  24  h. 


I  Perovskite 
o  Pyrochiore  500*C,  4  h 


I  -  •  -  Uy  -Til 


o 


DEGREES  TWO  THETA  (CuKa) 


Figure  5  XRD  patterns  for  the  fibrous  PZT  gel  heat-treated  at 
different  temperatures. 


Scanning  electron  microscope  (SEM)  pictures  of  PZT,  and 
niobium  and  CdB03  substituted  PZT  fibers  heat  treated  at  700  °C  for 
I  h  and  etched  with  1%  HCl  are  shown  in  Figures  6(a  &  b),  (c  &  d) 
and  (e  &  0  respectively.  Under  higher  magnification,  PZT  and 
niobium  substituted  PZT  fibers  showed  fine  grains  of  0.10  to 
0.2  pm  (Figures  6(b)  and  6(d)).  Addition  of  CdBOs  to  PZT  resulted 


Figure  6  (a)  &  (b),  (c)  &  (d)  and  (e)  &  (0  are  respectively  the  low-  and  high-magnification  n  icrographs  of 

PZT,  niobium  and  CdBOi  substinited  PZT  fibers  heat-treated  at  700°C  for  1  h. 
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in  laijjer  gniiiis  (~0. 1  to  0.35  ^ini)  lor  libtis  aiuiealed  ai  100°C  for  I 
h  (Figure  6(0)  Figure  7  shows  (iie  SFM  micrographs  of  niobium 
subslituled  P/T  fibers  fired  at  700‘C  for  10  s  by  the  RTP 
(~4100“(Viuin).  This  resulted  in  a  denser  fiber  with  more  uniform 
nticrostrueture  (grain  size  -().  1  pin)  compared  to  the  one  fired  at  a 
heating  rate  of  1°C  /  min  (Figures  6(b)).  PZ  f  fibers  were  also  fired 
at  1250°C  for  0  2  h  in  a  closed  lead  oxide  atmosphere.  Lead 
zirconate  powder  was  used  as  the  source  to  create  lead  oxide 
atmosphere.  SLM  micrographs  of  these  fibeis  ( Figure  8)  show  that 
they  are  dense  and  possess  graiiis  of  about  0  ,5  to  5  jim 


1  (un 

Figure  7  (bi.io.  n:.-,|-.eeii\el}  the  low  and  high- 

magnirKntion  micrograplis  of  the  niobium 
subslilnied  IV  I  libe-i  s  fast  fired  at  70()“r  for  10  s. 

1  he  loom  tcniperaluic  dicleelric  Constant  of  the  PZf  fiber 
tired  at  7()0''('  fi>r  1  ti  was  found  to  he  -  800.  fhe  corresponding 
loss  value  (lanft)  lor  the  fiber  was  of  the  order  of  0.06  to  0.08. 
These  values  are  m  agreement  witii  those  reported  for  sintered 
ceramics  of  the  same  composition  |.)I.  E'xpcrirnents  arc  being 
carried  out  to  pole  these  ultrafine  PZf,  and  niobium  substituted 
PZT  fibers  and  embed  them  in  polymer  malri.x  for  passive 
vibrational  damping  studies 

4.  Cone jusirnis 

Piczoclcci, i.  ecraiiiie  lube.s.  poled  and  embedded  in  a 
polymer  matrix,  cxlnbii>  d  pa.Siice  d.miping  with  optimum  external 
resistance.  By  sol  gel  processes,  imiforni  IVf,  and  aiobitim  and 
'.'dBO}  substituted  IV  f  gel  filx  rs  of  unliinited  length  were  obtained 
from  the  spiimable  '  iscous  resins  by  exlrusion  and  draw  ing  through 
a  spinneret.  I  he  diametei  of  these  libers  rvcie  betw  een  5  and 

100  pm  1  1r  fihions  gi  Is  5  icldid  \cell  er3slalli/cd  PZ  1  at  b0()“C. 
PZT,  and  niobium  and  (  dllO  j  snlwiiiuled  IVT  fibers  fired  at  700“C 
for  1  h  were  found  to  be  dense  with  snbmicron  (0.1  to  0  .35  pm) 
grains.  PZf.  and  ('dtK)i  subslimied  IV  1  libers  with  gram  sizes  of 


Figure  8  (ut  ifi:  (b)  an.l  tc)  idi  are  icspcclwelr  the  low  and 
high-magnifn  aiion  micrograplis  of  PZT  and  C'dliOj 
siibstitnlcd  IV  1  libers  heal  Healed  at  I  e'O'T'  for  0.2  h 

about  0.5  to  5  pm  wen  ohiaineii  on  tiling  the  tibeis  in  a  closed  lead 
oxide  atmosphere  at  1250  l.  for  o,2  h  I  lie  room  temperature 
dielecrric  constant  of  the  PZ]  l.oet  fired  ai  700  c'  for  I  h  was  about 
800. 
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PIEZOELECTRIC  RESPONSE  OF  PRECISELY  POLED  PVDF  TO  SHOCK  COMPRESSION 

GREATER  THAN  10  GPa 
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Abstract 


2.  Background 


Prior  work  has  shown  that  the  piezoelectric  response  of 
shock-compressed  PVDF  film  prepared  with  attention  to 
mechanical  and  electrical  processing  exhibits  precise, 
well-defined,  reproducible  behavior  to  10  GPa.  Higher  pressure 
response  continues  to  pressures  approaching  50  GPa,  and  appears 
to  provide  a  basis  for  a  very  high  pressure  stress-rate  gauge. 
Previous  work  shows  that  differences  in  response  were  sometimes 
observed.  The  present  report  desci  '  es  studies  in  progress 
undertaken  to  increase  the  precision  oi  the  polarization  of  the 
PVDF  and  to  develop  optimum  sensors  and  shock  gauge  package 
designs.  Results  obtained  on  such  careful  prepared  PVDF  shock 
gauges  show  that  differences  in  electrical  charge  response  less 
than  few  percent  are  observed  between  10  and  25  GPa. 

1.  Introduction 

The  progress  of  shock-compression  science  has  been 
strongly  influenced  by  the  time  resolution  of  instrumentation 
systems  used  to  study  the  response  of  condensed-matter  samples. 
Historically,  the  progression  of  improved  time  resolution  of 
measurement  has  followed  a  pattern  from  discrete 
displacement-time  (pins),  to  continuous  displacement-time 
(optics),  to  direct  stress-  or  particle  velocity-time(quartz  or 
VISAR);  i.e,  a  progression  of  direct  measurement  of  higher 
kinematic  derivatives. 

In  1981  Bauer  [1]  called  attention  to  the  strong,  and  well 
characterized  electrical  signals  observed  from  shock-compressed, 
piezoelectric  films  of  the  pwlymer  PVDF.  In  the  intervening 
period  there  has  been  a  continuing  effort  from  the  authors  to 
develop  a  high  quality,  reproducible  sensor  material,  and  to 
determine  its  physical  characteristics  under  high  pressure  shock 
compression.  It  is  now  apparent  that  such  a  material  is  useful  in 
time-resolved,  stress-rate  gauges  from  10  MPa  to  10  GPa  with 
response  characteristics  not  available  with  any  other  existing 
gauge  [2]. 

At  pressures  greater  than  10  GPa,  well-defined  signals  are 
observed,  but  the  usefulness  as  a  gauge  was  hampered  by  reports 
of  differences  in  responses  by  various  investigators.  At  these  high 
pressures  a  number  of  distinctive  conditions  exist  compared  to 
lower  pressure.  Accordingly,  the  present  work  is  in  progress  to 
define  the  physical  processes  which  might  lead  to  consistent 
behavior  of  shock-compressed  PVDF  films  and  to  develop  sensor 
packages  which  control  the  high  pressure  response  problems. 

In  the  present  report,  background  information  will  be 
presented  on  the  PVDF  material  and  its  response  characteristics. 
Following  this  information,  some  of  the  problems  and  conditions 
unique  to  high  pressure  experiments  will  be  outlined. 
Experimental  studies  on  precisely  poled  PVDF  will  then  be 
presented.  Finally,  the  status  of  high  pressure  response  work  will 
be  assessed. 


The  PVDF  material  of  the  present  report  is  the  same 
standardized  Bauer  film  used  for  earlier  studies  by  the  authors 
(2-8].  Each  piezoelectric  element  is  prepared  with  precisely 
controlled  mechanical  and  electrical  processing,  and  is  furnished 
with  measured  electrical  properties  including  a  ferroelectric 
hysteresis  loop  which  provides  a  sensitive  measure  of  all  the 
physical  properties.  Active  area,  displacement  current  (Figure  1) 
and  remanent  polarization  (Figure  2)  are  given  for  each  PVDF 
gauge. 


Figure  1;  Displacement  current  versus  voltage  for  a 
standardized,  precisely  poled  PVDF  gauge. 


Figure  2;  Hysteresis  curve  for  a  standard  PVDF  gauge. 


At  Sandia  National  Laboratories  the  principal  experimental  tool 
used  to  study  the  shock  response  is  the  compressed-gas  gun  which 
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subjects  the  piezoelectric  samples  to  precise,  controlled  shock 
loading  with  impactors  and  targets  of  well-defined  standard 
materials  to  control  the  stress  input.  Impact  velocities  are 
measured  to  accuracies  and  precisions  of  0. 1  % . 

At  the  Institute  of  Saint-l-ouis,  the  experimental  measures 
of  electrical  response  of  shock  compressed  PVDF  film  are  carried 
out  on  a  new  impact-loading  facility  which  is  a  powder  gun  20 
mm  in  diameter.  The  accuracy  and  precision  are  about  Q.3%. 

In  both  laboratories,  low  loss  coaxial  cables  and  1  GHz 
digitizers  provide  the  high-frequency  recording  capability  required 
to  properly  interpret  the  sensor  responses.  The  responses  are 
measured  in  the  "current  mode"  to  provide  both  a  simple  circuit 
and  the  most  revealing  electrical  behavior. 

Previous  observations  of  the  PVDF  piezoelectric  charge 
response  data  to  50  GPa  (Figure  3)  show  significant  deviations 
from  idealized,  continuous  behavior  between  about  12  and  20 
GPa.  These  differences  were  observed  for  both  sapphire  and 
copper  standard  impactors.  Above  about  16  GPa,  the  observed 
behavior  appears  to  follow  a  well-defined  relationship,  but  more 
scatter  is  observed  than  at  pressures  less  than  10  GPa. 

As  indicated  in  Figure  3,  various  PVDF  film  materials 
have  been  investigated  and  the  difference  in  response  does  not 
appear  to  be  related  to  the  starting  film. 


STRESS  (GPa) 


Figure  3:  Piezoelectric  polarization  data  for  shock-compressed 
Bauer  PVDF  reported  in  prior  work  [8]  is  shown  over  a  wide 
stress  range.  Note  the  continuous  response  data  obtained  with 
Pyroceram  loading  and  the  scatter  in  shock  response  data  above 
10  GPa. 


3.  High-pressure  response:  situation  analysis 

Given  the  observations  summarized  above,  it  was 
important  to  seek  to  identify  distinctive  features  of  high-pressure 
efforts  on  PVDF  sensors. 

A  brief  review  [8]  of  the  effects  of  shock  properties  of 
standard  materials,  electronic  circuit,  the  PVDF  material  and  the 
gauge  package  follows. 

3. 1  Standard  shock  materials 

At  pressures  above  10  GPa  there  are  no  precise  standard 
materials  for  use  in  the  impact  expieriment  to  determine  the  impact 
stresses.  Sapphire  is  thought  to  be  elastic  to  about  15  GPa  [8]  but 
the  degree  of  elasticity  can  be  questioned.  Higher  impedance 
materials  such  as  tungsten  carbide  do  not  have  precisely  known 
properties  and  the  degree  of  reproducibility  is  questionable. 
Copper  provides  a  good  standard. 


3.2  Electronic  circuits 

The  currents  achieved  under  the  high-pressure  highly 
planar  loading  are  large  (tens  of  amfieres)  and  the  peak  values 
may  be  achieved  in  times  of  a  few  nanoseconds.  Thus,  the  rates 
of  change  of  current  are  very  large  (10*  amperes  per  second). 
Very  small  amounts  of  inductance  in  the  vicinity  of  the  gauge  will 
lead  to  inductive  ringing  under  these  conditions. 

The  current  densities  in  the  sputtered  leads  to  the  gauge 
are  in  the  range  of  10^  to  10‘  amperes/cm’.  Such  current  densities 
are  sufficiently  large  that  there  is  concern  for  increases  in  lead 
resistance. 

3.3  Changes  in  PVDF  sensor  material 

There  are  potentially  a  number  of  both  stress-induced  and 
electric-field-induced  effects  which  can  act  to  alter  sensor 
behavior  at  high  pressure. 

3.4  Gauge  package 

The  typical  PVDF  gauge  package  configuration  consists  of 
insulating  film  of  Teflon  on  both  sides  of  the  25  micron  PVDF 
elements.  Both  electrical  conductivity  in  the  insulating  film  and 
mechanical  loading  history  may  affect  the  gauge  response. 

4.  Experimental 

Based  on  the  consideration  above,  we  have  investigated  the 
effect  of  sensor  remanent  polarization  on  gauge  response  and  have 
investigated  methods  of  controlling  inductive  effects  in  the  sensor 
electrode  design. 

Our  program  involves  the  study  of  the  shock  compression 
response  of  the  standardized  gauge  elements  (Figure  4)  under 
controlled  impact  loading. 


Figure  4:  Standardized  PVDF  shock  gauge. 


Impact  loading  is  produced  by  controlled  impact  in  a 
powder  gun  (caliber  20  mm)  at  ISL,  or  compressed  gas  gun 
(SNLA).  The  symmetrical  impact  of  an  impactor  and  target 
copper  provides  the  loading.  The  gauge  element  is  placed  on  the 
impact  surface  of  the  target  material.  The  PVDF  gauge  is 
insulated  on  both  sides  with  a  Kel-F  film  of  1 10  /im  in  thickness. 
Kel-F  matches  the  shock  impedance  of  the  PVDF.  In  this 
configuration  the  initial  stress  wave  produced  by  impact  is  that 
typical  of  the  impact  of  the  copper  impactor  on  the  PVDF  gauge. 
This  wave  then  reverberates  between  the  impactor  and  target  until 
stress  is  reached  equal  to  that  for  the  standard  impactor  and 
target. 

Shock  pressures  are  computed  with  11=3.91-1-1.51  Up 
(km/s)  density  8.924  for  copper  (U:  shock  velocity,  Up  particle 


vcliKMiy).  I'ho  clecincal  signal  I'ruin  the  sIkkIv  comprcssc(.t  PVDF 
gauge  IS  recorded  iii  die  current  nuide:  die  gauge  pio\  ides  a  signal 
de[)endeiu  on  the  stress  rale  called  here  ‘'multiple  shock”.  Upon 
integration  ot  the  current  pulse,  the  electrical  charge  versus  - 
time  IS  obtained. 

b'lgure  5  gives  an  example  of  the  current  and  electrical 
charge  released  versus  time  for  a  standardized  gauge  (shock 
pressure;  16.3  Cil’a).  I'lie  maxima  of  the  current  i(t)  correspond 
to  shiK'k  reverberations  vvithin  the  gatige  package.  I'he  observed 
waveform  show  inductive  ringing  Nevertheless,  the  correct 
charge  will  be  observed  for  lime  after  the  ringing  subsides,  but, 
at  best,  the  ringing  behav  ior  complicates  the  data  analysis. 


2S.II  !.S) 


-  -  current  —  charge 

l  igtire  .‘v;  C'lirrent  pulse  and  electrical  charge  veisus  lime  for  a 
precisely  poled  standard  I’VUb  gauge  (shock  pressure  16.3  (iPa). 
'1  his  standard  gauge  exhibits  noiMiegligible  inductance  due  to  the 
spacing  between  the  leads. 


3...!  litfcvts  of  inducl.iiice 

After  many  trials  over  a  considerable  period  of  time,  we 
have  been  successful  in  electrically  poling  the  PVDP  t'llm  with  a 
new  procedtire  based  upon  the  original  cyclic  poling  method  but 
with  the  capability  of  achieving  more  tlexibility  in  the  electrode 
and  lead  design.  With  the  new  procedure,  electrode  designs  have 
been  developed  and  tested.  I’he  ideal  low  indiiclive  design  would 
have  leads  closely  spaced  which  do  not  overlap. 

Figure  6  gives  an  example  of  the  current  and  electrical 
charge  released  versus  time  for  a  low  inductance  gauge  (Hvled  at 
the  same  level  of  that  of  a  standardized  gauge.  As  we  can  see 
less  ringing  are  ob.servcd  and  stich  a  gauge  can  lead  to  better  data 
analysis. 
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4.2  Hffects  of  remanent  polarization 


The  effect  of  remanent  ixilarization  (standardized  at  lower 
pressure  studies  at  '3. 1  /xC/cm’)  on  sensor  response  has  been 
investigated  at  values  of  6.2,  7.3,  8.2  and  9  1  /rC/cnr’.  As  shown 
in  Figure  7,  impact  experiments  have  been  carried  out  at 
pressures  from  3.4  (iPa  to  .3  2  (iPa,  9.3  OPa,  12  GPa,  21  GPa 
and  .34  GPa.  It  is  observed  that  there  is  a  change  in  behav  ior  at 
for  remanent  |K)larization  over  8.3  ^rG/cnr’  in  particular  for  the 
3  X  3  mm  gauges  poled  at  9  1  /xC/cnr'  by  Metravib  in  using  the 
ISl  priK'ess  [3),  It  apixtars  (Figure  7)  that  the  gauges  are 
responding  distinctively  and  are  deviating  from  the  expected 
response. 
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Figure  7:  The  response  data  for  PVDF  in  various  states  of 
remanent  polarization  are  mdicaterl  at  various  shock  stresses.  At 
lower  polarizations  an  approximate  linear  relation  is  observed. 
I'here  appears  to  be  change  in  behavior  for  the  Metravib  standard 
gauges  jxiled  at  9, 1  /(('.''cm'. 


In  order  ti>  identify  the  origin  of  the  deviations  observed 
(section  2).  we  subject  carefully  prepared  and  poled  3  x  3  niin 
PVDF'  gauges  to  shock  loading.  .Such  precisely  poled  gauges  are 
prepared  as  follows. 

active  area  A  is  precisely  measured; 
the  precision  of  the  measured  remanent  polarization  is 
enhanced  by  the  controlling  the  mechanical  clamping  under 
pressure  during  poling.  This  leads  to  value  of  the 
displacement  curient  achieved  in  poling  to  be  equal  to  7.6 
at  0.08  Hz; 

the  gauge  thickness  ranges  from  22.5  to  23.3  jrm. 

3.  Response  of  precisely  poled  PVDF  gauges 

The  precisely  poled  PVDF  gauges  were  subjected  to  shock 
loading  between  10  and  2,3  GPa  and  have  presented  following 
characteristics; 

area  ranges  from  9.1  to  9.13  mm’  after  poling.  Before 
poling  the  area  is  equal  to  8.93  mm’, 
maximum  value  of  displacement  current  ranges  from  7.5 
to  7.7  /xA; 

remanent  polarization  is  between  9.1  and  9.2  pC/cm-’. 

It  should  be  pointed  out  that  these  two  last  values  were 
measured  for  7.7  kV  sme  wave  high  voltage  applied  during  poling 
at  a  frequency  equal  to  0.08  Hz  The  pieziK'lectric  response  of 
such  highly  precise  poled  PVDF  gauges  is  depicted  on  Figure  8. 


Figure  6;  Current  pulse  and  electrical  charge  of  a  low  inductance 
PVDF  gauge  versus  time  (shock  pressure  13.6  GPa). 
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Figure  8:  Piezoelectric  polarization  data  tor  precisely-poled  Bauer 
PVDF  from  10  MPa  to  35  GPa.  Data  below  10  GPa  are  from 
references  3  and  4. 

It  is  observed  that  PVDF  stress  rate  gauges  show  continuous 
response  to  pressures  approaching  30  GPa.  In  particular,  we  do 
not  observe  deviations  in  the  shock  pressure  range  10  to  16  GPa. 
The  results  included  copper  impactors  and  targets  as  well  as 
tungsten  carbide  materials.  For  the  last  material  there  are  some 
uncertainties  on  the  shock  pressure  attained  (the  tungsten  carbide 
reproducibility  is  questionable).  Nevertheless,  the  results  obtained 
and  presented  on  Figure  9  show  deviations  of  less  than  2%  in 
charge  released,  along  a  fit  of  the  experimental  results. 


STRESS  (GPa) 

Figure  9:  Piezoelectric  pi/lanzation  data  for  precisely-poled  Bauer 
PVDF  from  10  GPa  o  Pa.  The  3  mm  data  with  fdled 
circles  is  shown  in  Table  I. 

The  following  table  gives  the  obtained  expcr  rnental  values: 


TABLE  1.  Results  obtained  with 
Precisely  Poled  PVDF  (copper  impactor  and  target) 


Impact 

Velocity 

(m/s) 


625 


690 


808 


882 


933 


1057 


Shock 
Pressure 
using  LANL 
shock  data 


Electric 

Charge 

(/tC/cm*) 


Final  Area 
(cm*)  after 
poling 


(GPa) 


Thickness 
of  PVDF 
Gauge 
(/im) 


12,2 

13.6 

16.3 

18.0 

19.2 

22.2 


4,31 

4.57 

4.88 

5.1 

5.27 

5.36 

5.56 


C094Q 

0.0915 

0.0915 

0.0910 

0.0905 

0.0915 

0.0910 


23.5 

22.6 
“>1.6 


23.4 

24.3 

22.3 


Max 

displace¬ 

ment 

current 

(mA) 

7,68 

7.98 

7,76 

7,75 

7,71 

7.59 

7,75 


Remnant 

Polari 

ration 

0*C/cm*) 


9  01 
9.06 
9.26 
9.05 
9.01 
9.09 
9.23 


6.  Discussions,  conclusions 

PVDF  stress  rate  gauges  show  continuous  response  with 
high  reproducibility  to  pressure  approaching  35  GPa. 

It  appears  that  low  inductance  electrode  lead  designs  and 
reproducible  remanent  polarization  are  (significantly)  improving 
the  precision  of  the  piezoelectric  response  of  the  PVDF  gauges 
under  shock  loading  especially  for  the  3  x  3  mm  gauges. 

However,  more  work  needs  to  be  completed  to  develop 
sensors  with  small  aclive  areas  (1  mm’)  with  the  same  precision 
in  polarization. 

Control  of  loading  rate  to  the  sensor  with  thickness  of 
insulating  film  appears  to  offer  potential  for  more  reliable 
response. 

These  results  show  that  selected  and  precisely  poled  PVDF 
can  respond  precisely  to  pressures  of  25  GPa.  It  appetrrs  there  is 
considerable  potential  for  use  of  PVDF  gauges  in  very  high 
pressure  materials  investigations.  In  addition  to  the  precise 
control  on  the  value  of  remanent  prriarization.  reproducible 
behavior  of  high  pressure  requires  control  of  the  maximum 
displacement  current  achieved  during  poling.  I'he  maximum 
current  provides  a  sensitive  measure  of  the  degree  of  deformation 
to  a  gauge  element  during  the  poling  process. 
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Abstract 

Ferroelectric  polymers  have  been  widely 
investigated  for  use  in  ultrasound  trans¬ 
ducers  for  both  medical  and  nondestructive 
testing  (NDT)  applications.  The  low  acous¬ 
tic  impedance  and  high  electromechanical 
coupling  of  PVDF  copolymers  make  them  well 
suited  for  the  design  of  ultrasound  trans¬ 
ducers  with  frequency  bandwidths  that  rival 
those  achieved  with  other  transducer 
materials.  Custom  immersible  ultrasound 
transducers  were  recently  developed  for  an 
application  requiring  -6  dB  fractional  band- 
widths  in  excess  of  150%,  spanning  a  fre¬ 
quency  range  of  approximately  5-100  MHz. 

The  copolymer  transducers  were  optimally 
designed  for  maximum  bandwidth  and  efficien¬ 
cy  for  operation  in  water.  The  design  is 
also  custom  optimized  for  the  specific  die¬ 
lectric  and  piezoelectric  properties  of  the 
P(VDF-TrFE)  copolymer  used.  This  paper 
reviews  the  design,  fabrication,  and  testing 
of  these  new  transducers. 

Introduction 

Ferroelectric  polymers  continue  to  play 
an  important  role  in  ultrasound  transducers 
for  medical  and  nondestructive  testing 
applications.  In  general,  they  are  best 
suited  for  applications  which  are  uniquely 
served  by  their  low  cost,  high  compliance, 
low  acoustic  impedance,  availability  in 
large  areas,  and  broadband  performance. 

These  unique  inherent  properties  are  the 
underlying  reasons  for  their  successful  use 
in  commercial  products  for  applications 
including  acoustic  microscopy,  invasive 
medical  ultrasound  imaging,  and  nondestruc¬ 
tive  testing  [ 1 ] . 

Although  the  piezo  polymers  have  been 
widely  investigated  for  "conventional" 
immersion  probes  (i.e.,  low-frequency  planar 
devices) ,  because  of  their  low  electrome¬ 
chanical  coupling  and  permittivity,  they  are 
generally  unable  to  compete  with  piezo 
ceramics  unless  other  physical  requirements 
(high-frequency,  large  area,  flexibility, 
etc.)  rule  out  the  use  of  ceramics. 

Besides  their  unique  material  proper¬ 
ties,  research  has  also  shown  that  planar 
ferroelectric  polymer  ultrasound  transducers 
can  produce  plane  wave  perform-ance  in  the 
acoustic  near  field  which  is  superior  to 
that  of  piezo  ceramics  [2-4].  Their  low 
radial/lateral  mode  coupling  reduces  the 
effects  of  edge  waves  and  near  field 
distortion  which  is  typical  of  piezo  ceramic 
disc  transducers.  The  low  radial  mode 
coupling  and  high  k,  of  1-3  piezo  composite 
materials  also  offer  good  all-around 
performance  for  insertion  loss,  bandwidth, 
and  plane  wave  performance,  but  the  1-3 
materials  are  thus  far  limited  to  low 


frequency  (<  10  MHz)  applications  [5,6]. 

A  recently  developed  particle  analyzer 
system  requires  planar  through-transmission 
operation  in  the  near  field,  with  ideal 
plane  wave  performance  and  maximum 
bandwidth/sensitivity  in  the  5-100  MHz 
range.  Rather  than  utilize  several  pair  of 
commercial  ceramic  transducers,  necessary  to 
cover  the  frequency  range,  new  ferroelectric 
polymer  transducers  were  developed  for  their 
superior  bandwidth  and  "clean"  plane  wave 
performance,  despite  the  higher  efficiency 
(lower  insertion  loss)  of  the  ceramic 
transducers.  This  paper  describes  the 
transducer  requirements,  design,  construc¬ 
tion,  and  testing  of  these  new  ultrasound 
transducers . 

Transducer  Requirements 

The  requirements  for  the  new  transducers 
include  exceptionally  broadband  through- 
transmission  performance  in  the  5-100  MHz 
range.  It  was  desirable  to  cover  the  fre¬ 
quency  range  with  a  minimum  number  of  trans¬ 
ducer  pairs.  The  mathematics  utilized  in 
the  system's  analysis  technique  requires 
undistorted  plane  wave  operation  with  close 
(i.e.,  0-2")  transducer  spacings.  A  large 
diameter  (0.25-1.2")  active  area  was  also 
desired  so  that  a  large  cylindrical  volume 
could  be  insonified  at  all  frequencies.  The 
transducers  are  housed  in  large  diameter 
precision-ground  stainless  steel  housings, 
as  shown  in  Figure  1,  to  provide  a  precise 
fit  to  the  alignment/positioning  hardware  of 
the  particle  analyzer  system. 


Fig.  1.  Required  transducer  housing  design. 

Transducer  Design 

The  transducer  design  is  based  on  high- 
activity  P(VDF-TrFE)  copolymer  which  has 
been  specially  treated  for  high  electrome¬ 
chanical  coupling.  Since  the  transducers 
are  of  a  planar  active  area  design,  the  high 
compliance  of  the  copolymer  could  be  sacri¬ 
ficed  for  enhanced  crystallinity  and  high 
k,.  The  typical  properties  of  the  copolymer 
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materials  used  for  the  transducers  are 
summarized  in  Table  1. 


Table  1.  Typical  copolymer  properties 


Parameter 

Typical  Values  j 

Electro,  coupling,  k, 

0.3 

Mechanical  Q,  (l/tan5,„) 

25 

Dielectric  constant,  e, 

3.5  -  5  .  o’ 

Loss  tangent,  tani^ 

0.10  -  o.is’ 

Acoustic  imped.  (MRayl) 

4 . 3 

Thickness,  (vm) 

10  -  100 

'  Measured  at  5-100  MHz. 


A  half-wave  resonator  design  was  select¬ 
ed  to  maximize  bandwidth  at  the  expense  of 
efficiency.  Half -wave  resonance  was 
achieved  by  using  a  lossy  low-impedance 
backing  material  as  shown  in  Figure  2. 


lossy 

polymeric 

backing 


copolymer 


Fig.  2.  Transducer  substrate  assembly. 

The  thickness  of  the  copolymer  material 
was  selected  for  the  desired  frequency 
range,  while  the  diameter  of  the  active  area 
was  optimized  for  maximum  power  transfer  in 
the  electronics  of  the  characterization 
system,  using  a  technique  similar  to  those 
reported  by  others  [7-9].  The  electrome¬ 
chanical  properties  of  the  copolymer, 
required  for  the  optimization,  were  charac¬ 
terized  using  conventional  immittance  curve 
fitting  techniques  [10-12].  To  provide  the 
necessary  wear  resistance,  and  to  enhance 
insertion  loss  and  bandwidth,  a  polymeric 
quarter-wave  matching  layer  was  also 
incorporated  in  the  design  as  shown  in  the 
figure. 

The  resulting  design  has  provided 
extremely  low-Q  (wo. 6-1.0)  broadband 
performance  in  the  particle  analyzer  system. 
The  completed  transducers  show  little  or  no 
discernible  electrically  excitable 
mechanical  resonances  in  their  immittance 
spectra,  as  illustrated  in  Figure  3.  This 
behavior  is  indicative  of  a  very  low-Q 
transducer  material  which  is  well-matched  to 
both  its  forward  and  backing  acoustic  loads. 


20  25  30  35  40  45  50  55  60 

FREQUENCY  (MHz) 
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Fig.  3.  Typical  input  impedance  magnitude 
and  phase  spectra  for  air-loaded 
copolymer  only,  and  completed 
transducer. 

Through-Transmission  Test  Method 

The  transducer  pairs  were  tested  for 
their  through-transmission  performance  in 
several  different  test  systems.  The  trans¬ 
ducers  were  focussed  in  a  test  chamber  at 
close  spacing  in  pure  water.  A  network 
analyzer  was  used  to  acquire  the  broadband 
through-transmission  voltage  transfer 
function  (magnitude  and  phase)  of  the  trans¬ 
ducer  pair.  This  spectrum,  which  contains 
electrical  feed-through  and  multiple  reflec¬ 
tion  artifacts,  is  then  corrected  for  the 
water's  attenuation  over  the  particular 
frequency  spectrum  and  temperature.  The 
transfer  response  of  the  electronics  system, 
including  all  cables,  adapters,  etc.,  is 
also  deconvolved  from  the  spectrum.  An 
inverse  FFT  is  then  performed  so  that  the 
time  domain  response  of  the  transducers  can 
be  observed.  The  portion  corresponding  to 
the  first  arrival  acoustic  waveform  is  then 
gated  out  of  this  response,  eliminating  the 
feed-through  and  reflection  artifacts,  and  a 
forward  FFT  is  applied  to  compute  the 
transfer  function  (i.e.,  the  insertion  loss 
spectrum)  for  the  transducer  pair. 

The  technique  has  proven  particularly 
useful  for  characterizing  very  high 
frequency  transducers  (i.e.,  50-200  MHz) 
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where  the  means  tor  (Conventional  s ii\usoi(.!a  1 
tone  burst  measurenents  betcoiiie  more 
difficult  witt'out  c.cphisticatod  instrumenta¬ 
tion.  To  verity  the  accuracy  of  the 
technique  at  low  frequencies,  the  results 
were  correlated  with  conventional  tone  burst 
measurements  (typically  ‘3-lu  cycles)  and 
showed  excellent  results  in  computing  the 
insertion  loss  spectra.  To  verify  the 
accuracy  of  the  technique  at  liigh  frequen¬ 
cies,  the  transducers  were  used  to  measure 
the  high-frequency  attenuation  spectra  of 
pure  water  at  known  temperatures.  The 
measurements  .showed  excellent  agreement  with 
the  well  knovni  absolute  attenuation  spectra 
for  water  at  multiple  transducer  spacings 
(i.e.,  from  very  low  to  very  high  levels  of 
attenuation  iri  the  water  path)  .  The 
measurement  technique  is  carried  out  under 
computer  control  and,  once  the  transducers 
are  aligned  in  the  liquid-filled  chamber, 
requires  only  seconds  to  complete. 

Through-Transpi  ss  ion._  T;est  ResqUts 

Various  transducer  pairs  have  been 
te.sted  using  both  conventional  tone  burst 
measurements  and  the  previously  discussed 
network  analyzer  technique.  Examples  of 
typical  insertion  loss  spectra  for  both  high 
and  lew  freqiiency  transdinver  pairs  are  shown 
in  F igure  4 . 


FREQUENCY  (MHz) 

Fig.  <!  .  Typical  measured  through-trans- 

mi.ssion  insertion  loss  spectra  for  a 
(a)  lev,-- frequency ,  and  (b)  high- 
frequency  transducer  pair. 


The  low- 1 requeiK'y  [aii  shows  a  minimum 
insertion  less  of  in.  4  dB,  witli  a  -6  dB 
bandwidth  of  3.3-25.3  ;'.Hz  (1511).  The  liigh- 

frequency  p'a  i  r  stiows  a  r.iin  inuni  insertion 
loss  of  29.2  JB,  v;ith  -a  -6  db  banawidth  of 
8.S-106.B  MHz  (170%).  Idle  results  show  that 
excellent  broadband  {lerfotmance  was 
achieved,  with  -6  db  bandwidths  often 
extending  more  th.an  1.5  decades  of  frequen¬ 
cy.  The  minimum  insercion  losses  ranged 
from  22  to  35  dB,  witli  center  frequencies  of 
15-90  MHz.  While  these  inserticn  loss 
values  are  still  high,  the  transducers  have 
provided  excellent  performance  and  long-term 
repeatability  in  prototype  analyzer  systems 
over  approximately  t.;;'  years.  Improvements 
in  the  insertion  lf,--s  arc  n(  ./  Lhe  fccins  of 
future  work. 

Future  _pe\'el  PIP  Pent  l-'gr  k 

Although  the  broadband  perform.ance  of 
the  transducers  has  t.'een  ex'.ellent,  improve¬ 
ments  in  the  insertion  loss  of  the  trans¬ 
ducers  would  greatly  enhance  the  overall 
capability  of  the  measurement  system.  While 
recent  v/orks  have  focus.sed  mucti  attention  on 
improving  the  bandwidth  performance  of 
ferroelectric  polymer  ultra.sound  transducers 
[13-15],  little  s  i  gni  f  i'.-ant  work  !ias  been 
noted  in  m..jor  i.mprcvem  "^-s  to  ttieir  poor 
efficiency.  Continued  developments  in 
ferroelectric  polymer  t  i  l.m-forming  and 
processing  for  enhanced  (.:ry sta  1  i  i n ity  (high 
k,)  will  no  doubt  benefit  this  work. 

Computer  simulations  also  siiow  that  further 
improvements  in  insertion  loss  can  be  gained 
for  these  transducers  tlirough  novel 
copolymer  film/substrate  fabrication 
techniques  which  will  I'p  o.vplored. 

Co  ncj  u_s  i  o  ns 

Extremely  broadband  f errcelectr ic 
polymer  ultrasound  transducers  have  been 
described  for  a  new  particle  analyzer  system 
based  on  broadband  through-transmission 
measurements  of  acoustic  plane  waves.  The 
basic  system  requirements,  design,  fabrica¬ 
tion,  and  testing  of  the  transducers  have 
been  described.  The  transducers  have  shown 
excellent  broadband  per iornaiice ,  capable  of 
extending  beyond  1.5  (.iecades  of  frequency, 
with  improvements  in  insertion  loss  still 
desirable.  Improvements  in  ferroelectric 
film-forming  techniques  and  material  proper¬ 
ties  will  further  imr)rove  the  insertion  loss 
of  the  transducers. 
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Abstract:  The  stacked-crystal  filter  for 
use  as  a  bandpass  electrical  filter  with 
bandwidth  of  several  percent  at  HF 
frequencies  and  low  insertion  loss  was  first 
proposed  in  the  early  1970s.  The  filter 
contains  two  piezoelectric  plates 
mechanically  attached  with  a  grounded 
electrode  along  the  interface.  The 
electrical  input  signal  is  converted  to  an 
acoustic  signal  by  the  input  transducer,  and 
the  acoustic  signal  is  propagated  across  the 
ground  plane  to  the  output  transducer  which 
reconverts  the  acoustic  signal  to  an 
electrical  output  signal.  The  concept  was 
verified  experimentally;  however  the  use  of 
single  crystal  quartz  resonators  with  gold 
electrodes  limited  the  filter  bandwidths  and 
power  handling  capabilities  of  the  original 
devices.  For  applications  requiring  wider 
bandwidths  and  higher  RF  power  levels,  other 
materials  such  as  PZT  piezoceramics  may  be 
used.  Prototype  PZT-based  stacked  acoustic 
filters  exhibiting  30%  RF  bandwidth,  less 
than  IdB  insertion  loss,  and  RF  power 
handling  capability  on  the  order  of  5  W/cm^ 
of  transducer  area  have  been  demonstrated. 

Introduction 


The  stacked-crystal  filter  for  use  as  a 
simple,  robust  electrical  bandpass  filter 
with  bandwidth  of  several  percent  at  HF 
frequencies  and  low  insertion  loss  was  first 
proposed  in  the  early  1970s  [1-4].  As  shown 
in  Figure  1,  such  a  filter  is  simply  formed 
from  two  piezoelectric  plates  mechanically 
attached  with  an  electrode  along  the 
interface  which  is  connected  to  ground.  The 
electrical  input  signal  is  converted  to  an 
acoustic  signal  by  the  input  transducer,  and 
the  acoustic  signal  is  propagated  across  the 
ground  plane  to  the  output  transducer  which 
then  reconverts  the  acoustic  signal  to  an 
electrical  output  signal.  The  concept  was 
verified  experimentally  using  single  crystal 
quartz  resonators  with  thin  gold  electrodes, 
and  a  design  methodology  employing  equivalent 
electrical  circuits  was  set  forth  by  Ballato 
et  al.  [5].  The  use  of  single  crystal  quartz 
resonators  placed  distinct  limitations  on  the 
filter  bandwidths  and  power  handling 
capabilities  of  the  original  devices. 

Design  Considerations 

The  application  of  the  stacked-crystal 
filter  (here  denoted  stacked  acoustic  filter 
since  the  piezoelectric  elements  are  not 
single-crystal)  for  wider  bandwidths  and  high 
RF  power  levels  requires  consideration  of 
both  electrical  and  acoustic  aspects  of  the 
constituent  materials  and  filter  structure. 
Important  electrical  aspects  include  the 
insertion  loss  and  frequency  response  of  the 
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Figure  1.  Stacked-crystal  filter. 


stacked  filter.  Important  acoustic  aspects 
include  the  piezoelectric  coupling  of  the 
transducers,  acoustic  attenuation  in  the 
ground  plane,  and  acoustic  impedance  matching 
at  material  interfaces  in  the  stacked  filter. 
All  of  these  parameters  are  closely 
interrelated.  The  primary  issues  involved  are 
as  follows: 

Filter  Charactertistics 


The  stacked  acoustic  filter  is  an 
electrical  bandpass  filter  characterized  by 
such  parameters  as  center  frequency, 
bandwidth,  shape  factor,  insertion  loss,  out- 
of-band  attenuation,  input  impedance,  output 
impedance,  etc.  The  current  work  has  focused 
on  achieving  the  desired  center  frequency, 
insertion  loss,  and  out-of-band  attenuation, 
with  the  other  parameters  being  of  somewhat 
lesser  importance. 

Acoustic  Wave  Propagation 

The  conversion  of  the  electrical  input 
signal  to  an  acoustic  wave,  its  propagation 
through  the  ground  plane,  and  its 
reconversion  to  an  electrical  signal  must  be 
done  as  efficiently  as  possible  in  order  to 
minimize  dissipation  in  the  filter.  The 
primary  factors  affecting  the  efficiency  of 
acoustic  power  transmission  include  the 
piezoelectric  coupling  of  the  transducer 
material,  the  bonding  of  the  transducers  to 
the  ground  plane,  the  acoustic  attenuation  in 
the  ground  plane,  and  the  acoustic  impedance 
mismatches  at  the  boundaries  between  the 
various  layers  in  the  stack.  These  factors 
are  influenced  by  both  materials  selection 
and  stack  configuration. 

Power  Handling  Capability 

The  power  handling  capability  of  the 
stacked  acoustic  filter  is  determined 
primarily  by  the  transducer  material  and  the 
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transducer  to  ground  plane  bonding  technique. 
The  frequency  of  operation  also  plays  a  role 
in  determining  power  handling  capability. 


In  order  to  implement  the  foregoing 
design  considerations,  the  relationships 
between  the  physical  properties  of  the 
constituent  materials  and  the  various 
electrical  and  acoustic  design  parameters 
must  be  known.  These  relationships  are  most 
clearly  modeled  by  the  transmission  line 
analogs  of  Ballato  (see  Figures  2-4)  [6], 
wherein  the  equivalent  electrical  circuit 
corresponding  to  a  layer  of  an  arbitrary 
material  with  a  thickness-directed  electrical 
field  exciting  acoustic  modes  with  wave 
vectors  along  the  thickness  direction  may  be 
determined  from  the  physical  properties  of 
the  material  layer.  A  multi-layer  structure 
is  easily  modeled  as  a  cascade  of  such 
networks  with  appropriate  port 


ELCCrntCAL 
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interconnections.  The  equivalent  circuit 
model  is  able  to  accommodate  arbitrary 
materials  for  transducers,  electrodes,  and 
ground  planes  as  well  as  the  various  methods 
for  attaching  such. 

Materials  Considerations 

The  stacked  acoustic  filter  is  composed 
of  three  general  components,  namely  the 
piezoelectric  transducers,  the  groung  plane, 
and  the  bonding  agents  joining  these  two.  The 
material  properties  of  importance  differ 
slightly  for  each  component  type.  The 
important  properties  can  be  summarized  as 
follows: 

Piezoelectric  Transducers 

The  maximum  achievable  bandwidth, 
electroacoustic  efficiency,  and  power 
handling  capability  of  the  piezoelectric 
transducers  is  directly  proportional  to  the 
piezoelectric  coupling  factor  of  the 
transducer  material.  This  consideration  leads 
to  the  use  of  high  coupling  lead-zirconate- 
titanate  (PZT)  piezoelectric  ceramic  for  the 
transducer  material,  for  which  transducer 
structures  with  electroacoustic  efficiency 
exceeding  90%  have  been  reported. 

Ground  Plane 

The  ground  plane  must  provide  a  good 
electrical  ground  and  at  the  same  time  not 
impede  the  propagation  of  the  acoustic  wave. 
The  quality  of  the  electrical  ground  depends 
on  the  conductivity  of  the  material,  while 
the  wave  propagation  depends  on  the  material 
density,  wave  velocity,  and  acoustic 
attenuation. 

Bonding  Agents 


Figure  2.  Exact  network  analog  of  thickness 
modes  excited  by  a  thickness  directed 
electric  field  in  a  piezoelectric  plate  with 
arbitrary  mechanical  boundary  loadings. 


The  primary  requirement  for  the  bonding 
agent  is  obviously  good  adhesion  between  the 
bonded  layers.  However,  beyond  this  purely 
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i.gure  3.  Exact  representation  of  mechanical 
coupling  at  the  interface  of  two  anisotropic 
media  with  plane  acoustic  wave  propagation 
normal  to  the  boundary.  Piezoelectric  drive 
transformers  are  omitted  for  clarity. 


Figure  4.  Exact  analog  representation  of  a 
two-layer  stack  where  one  thickness  mode  in 
each  layer  is  piezoelectrically  driven  by  a 
thickness  directed  electric  field. 
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mechanical  consideration,  the  acoustic 
behavior  of  the  bonding  agent  is  critical  to 
obtaining  efficient  acoustic  wave 
propagation. 

Filter  Fabrication 

The  fabrication  of  the  stacked  acoustic 
filter  is  in  general  a  simple  procedure, 
although  a  few  pitfalls  have  been  discovered 
through  experimentation.  Early  attempts  at 
fabricating  the  stacked  acoustic  filters  with 
"off-the-shelf  components  succeeded  in 
demonstrating  acoustic  power  transmission, 
but  with  unacceptably  high  insertion  loss. 
These  filters  were  made  with  various 
combinations  of  ground  plane  material  and 
thickness,  PZT  type,  and  adhesive  type.  The 
fabrication  procedure  entailed  cleaning  the 
components,  screen  printing  adhesive  onto  the 
ground  plane,  clamping  the  PZT  plates  to  the 
ground  plane,  curing  the  adhesive,  and 
attaching  electrical  leads. 

Several  different  formulations  of 
various  adhesive  types  were  experimented  with 
initially;  a  Cu-epoxy,  Ag-epoxy,  and  indium 
paste  were  chosen  for  further  experimentation 
based  on  the  preliminary  results.  The 
various  adhesives  used  in  this  experiment 
have  somewhat  different  physical  properties 
which  result  in  a  number  of  fabrication- 
related  differences.  First,  the  Cu-epoxy  is 
difficult  to  screen  print  due  to  its  high 
viscosity.  As  a  result,  the  Cu-epoxy  cures 
into  an  adhesive  layer  that  is  not  only 
thicker  than  that  of  the  silver  and  indium 
adhesives  but  possesses  voids  and  air  gaps 
between  the  PZT  plate  and  the  ground  plane. 
Second,  the  indium  paste  screen  prints  well 
but  due  to  the  solder-like  nature  of  the 
paste,  reflowing  procedures  produce  voids  and 
gaps  in  the  adhesive  layer.  The  voids  and 
gaps  are  probably  caused  by  flux  entrapped 
between  the  PZT  and  the  ground  plane.  Third, 
the  Ag-epoxy  exhibits  excellent  screen 
printability  and  flows  laterally  when  clamped 
and  cured.  This  results  in  a  very  thin  and 
uniform  adhesive  layer.  In  fact,  it  should 
be  noted  that  the  Ag-epoxy  occasionally 
flowed  to  such  an  extent  that  it  contacted 
the  top  electrode  on  the  PZT,  forming  an 
electrical  short-circuit.  A  resistor¬ 
trimming  laser  was  used  to  correct  such 
conditions  with  no  noticeable  damage  being 
done  to  the  filter  structure. 

As  a  measure  of  the  uniformity  of  the 
indium  and  Ag-epoxy  adhesive  layers,  the 
deviation  between  the  surface  normal  of  the 
ground  plane  and  the  surface  normal  of  the 
PZT  transducer  was  measured  at  each  corner  on 
several  samples.  The  Ag-epoxy  was  found  to 
produce  slightly  wedged  bonding  layers  albeit 
with  good  planarity.  The  indium  paste  was 
found  to  produce  bonding  layers  that  are  not 
only  more  highly  wedged  but  distinctly  non- 
planar.  Ideally,  the  stacked  structures 
being  investigated  here  should  have  planar 
transducers  which  propagate  plane-waves  at 
normal  incidence  to  the  ground  plane.  As 
such,  the  measured  wedging  and  non-planarity 
represent  sources  of  acoustic  loss  in  the 
structures  as  fabricated. 

Based  on  the  acoustic  impedance  and 
attenuation  of  epoxy  compared  to  that  of 


indium,  the  indium  bond  was  expected  to  yield 
the  lowest  loss.  However,  void  formation, 
wedging,  and  non-p lanar l ty  of  the  indium  bond 
resulted  in  unexpectedly  poor  performance  of 
the  indium  bond. 

Experimental  Results 

Analysis  of  the  equivalent  electrical 
circuit  for  longitudinal  mode  propagation  in 
a  three-layer  stack  with  welded  contact  leads 
to  the  expectation  that  the  passband 
transmission  efficiency  should  be  maximized 
when  the  ground  plane  thickness  is  an  integer 
number  of  ha  1 f -wave lengths  thick  [4].  This 
is  readily  seen  from  the  equation  describing 
the  acoustic  input  impedance  Z  ^  of  the 
ground  plane, 

Zt  ^  tan(ki) 

7  .  =7 - 1 - 

^in  ^p 

Zp  +  ]  tan(kl) 

wherein  Z  ,  k,  and  1  are  the  acoustic 
impedance,  propagation  constant,  and 
thickness  of  the  ground  plane  and  Z^  is  the 
acoustic  impedance  of  the  output  transducer. 
When  the  ground  plane  thickness  is  an  integer 
multiple  of  ha  1 f -wave  lengths ,  the  tangent 
factors  are  zero  and  Z^^  is  just  Z^.  Thus 
the  acoustic  wave  can  propagate  from  the 
input  transducer  (also  with  acoustic 
impedance  Z^)  to  the  output  transducer  with 
minimum  reflection  loss  when  this  condition 
is  met.  This  was  verified  experimentally, 
and  insertion  loss  less  than  IdB 
corresponding  to  a  power  transmission 
efficiency  of  86%  was  demonstrated. 

Two  types  of  piezoceramic  material  were 
tested  here  representing  "hard"  and  "soft" 
PZT.  The  difference  which  is  of  note  here  is 
the  order-of -magnitude  greater  mechanical  Q 
of  the  "hard"  PZT  as  compared  to  the  "soft" 
PZT.  The  mechanical  Q  is  the  ratio  of  energy 
stored  to  energy  dissipated  per  vibrational 
cycle,  and  as  such  the  higher  Q  material 
produced  lower  loss  stacked  filters. 

The  propagation  of  the  acoustic  wave 
through  the  stacked  filter  depends  in  part  on 
the  type  of  mode  (longitudinal  or  shear) 
being  used.  In  the  filters  being  discussed 
here,  only  longitudinal  modes  are  employed. 
Additional  acoustic  losses  may  arise  as  1) 
part  of  the  acoustic  wave  which  is  generated 
by  the  input  transducer  may  "leak"  laterally 
along  the  ground  plane  and  thereby  not  arrive 
at  the  output  transducer  and  2)  friction 
generated  by  the  atmosphere  ( "a i r- 1 oad i ng" ) 
may  dampen  the  acoustic  wave.  Lateral  losses 
were  examined  by  fabricating  multiple  stacked 
filters  near  each  other  on  a  single  ground 
plane.  No  measurable  cross-talk  (lateral 
energy  transfer)  was  observed.  "Air-loading" 
was  examined  in  a  test  fixture  which  had  been 
modififed  for  connection  to  a  vacuum  pump. 
No  changes  in  insertion  loss  were  observed  as 
the  samples  were  tested  at  atmospheric 
pressure  and  under  vacuum. 

The  ability  of  the  stacked  acoustic 
filter  to  transmit  useful  power  loads  on  the 
order  of  several  watts  has  been  demonstrated 
through  a  series  of  RF  power  transmission 
tests.  Starting  from  ImW  incident  power, 
the  test  procedure  involved  applying  RF  power 
in  successively  higher  levels  until  seriously 
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degraded  performance  was  observed.  Each  power 
level  was  maintained  at  least  two  days  to 
check  for  long  term  degradation.  The 
prototype  units  performed  well  at  power 
densities  below  5  W/cm^  of  transducer  area, 
whereas  above  this  level  the  passband 
transmission  efficiency  decreased  with 
increasing  RF  power.  One  unit  was  driven 
until  failure,  which  occured  at  an  incident 
power  density  of  16  W/cm^  of  transducer  area. 
The  failure  mechanism  has  not  been 
determined.  Another  unit  is  currently  in  the 
fourteenth  month  of  continuous  life  testing 
at  5  W/cm^  with  no  performance  degradation. 

Conclusion 


Stacked  acoustic  filters  exhibiting  less 
than  IdB  insertion  loss  corresponding  to 
passband  efficiencies  as  high  as  86%  have 
been  demonstrated.  The  best  results  to  date 
have  been  obtained  with  half-wavelength  thick 
ground  planes,  Ag-epoxy  adhesive,  and  high-Q 
("hard")  PZT  transducers.  Results  indicate 
that  further  improvements  can  be  achieved 
through  a  combination  of  lower-loss  materials 
and  more  accurate  fabrication.  Filter 
structures  developed  here  have  demonstrated 
high  RF  power  handling  capability  on  the 
order  of  5  W/cm^  of  transducer  area. 

APPENDIX  -  Relationship  of  Filter  Bandwidth 
to  Piezocoublinq  in  Stacked  Acoustic  Filters 

McSkimin  [7]  showed  that  fractional 
bandwidths  for  structures  like  the  stacked 
crystal  filter  of  about  V(2/r)  can  be 
achieved  with  virtually  zero  loss  by  coupling 
to  a  delay  medium  through  a  quarter-  or  half¬ 
wavelength  mechanical  transmission  line. 
Thurston  [8]  investigated  the  further  effects 
of  terminating  impedances  on  loss  and 
bandwidth.  The  fractional  bandwidth  arising 
in  [7]  corresponds  to  the  spacing  of  the 
equi-immittance  points  of  the  Butterworth-Van 
Dyke  equivalent  circuit  (9]  divided  by  the 
series  resonance  frequency.  Using  the 
notation  of  [9],  it  may  be  determined  that 
(fqfh)=f|  exactly,  so  that  5=  (  f  j^-f  )  /  V  ( f  f^^) 
=  2  /  r- 1 )  .  Defining  6  as  thS  staged 

crystal  filter  fractional  bandwidth,  and 
using  the  relation  between  capacitance  ratio 
r  and  piezoelectric  coupling  factor  k  derived 
in  [6J,  V  i  z  .  ,^./r=  (  4  k/TT )  ^  ,  one  obtains  the 
percentage  bandwidths  given  in  Table  1.  The 
quantity  E=Q^/r  is  the  figure  of  excellence. 

For  quartz  cuts,  k  is  approximately  10% 
or  less.  PZT  and  other  piezoceramics  have 
values  of  coupling  factor  that  range  from  30% 
to  70%  in  most  instances.  As  a  rough 
rule-of-thumb,  one  may  use  the  value  of  k 
directly  as  the  fractionq^l  bandwidth,  except 
in  those  cases  where  E=Q^/r  is  of  the  order 
unity . 


TABLE  1.  FRACTIONAL  BANDWIDTH,  DELTA. 


k(%) 

«  (%) 

E=1 

3 

10 

p— - - 

30 

00 

10 

9.0 

11.6 

12.4 

12.6 

12  7 

30 

27.0 

34.9 

37.2 

37.9 

38.2 

50 

45.0 

58.1 

62 . 1 

63 . 1 

63 . 7 

70 

63 . 0 

81.4 

86.9 

88.4 

89.1 

90 

81.0 

104.6 

111.7 

113 . 6 

114.6 
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Abstract 


^Jl'iO,  (bin  lilins  were  prepared  by  reacti\e 
coevaporation  on  I’d  coated  sapphire  substrates.  Ba  and  Sr 
metals  were  evaporateil  by  K-cells  atiil  I'i  metal  was 
evaporated  by  an  L-giin.  'I'lic  films  of  80  to  90  ntn 
thickness  were  dcpositeil  at  500°C  and  were  crystallized  in 
perovskite  phase  for  the  whole  Ba  content  (x)  range.  The 
leakage  current  density  of  as  deposited  films  was  fairly 
large  and  could  be  reduced  by  rapid  thermal  annealing,  e. 
decreased  with  increasing  the  (Ba-t-Stj/l'i  atomic  ratio.  The 
leakage  current  characteristics  were  improved  with 
increasing  the  (Ba-i-Srj/Ti  atomic  ratio. 

Introduction 


In  recent  years,  the  interest  in  feiroeleetric  thin  films 
has  grown  rapidly  because  of  their  possible  application  as 
capacitor  dielectrics  in  memory  cells  of  both  nonvolatile 
memories  and  dynamic  random  access  memories 
(DRAMs)l  1 ,2|.  -Sironlitim  titanate  and  (Ba.SriTiOj  are 
promising  materials  for  r.)RAM  application  because  of  their 
high  dielectric  constant  (£,)  and  chemical  stability.  Many 
deposition  techniques  stich  as  rf-sputteringl.3  -  frl,  ion  beam 
sputtering  (IBS)[7,8|.  metal-organic  chemical  vapor 
deposition  (MOCVD)|9|  and  litiuirl  source  chemical  vapor 
deposition  (I.SCVDJIIOI  have  been  imestigated  to  prepare 
SrTiOj  and  (Ba,.Sr)  TiO^  thin  films. 

Reactive  coevaporalion  using  metal  sources  is  cxjxtcted 
to  present  advantages  such  as  flexible  composition  control, 
preparation  under  high  vacuum  and  plasma  free  deposition 
environment.  Hie  authors  have  previously  reported  on 
reactive  coevaporation  synthesis  of  SrTiO,  thin  films|ll|. 
e,  value  of  170  was  obtained  for  7.8  nm  thick  films. 

In  this  paper,  preparation  of  (Ba..Sr)'riO,  thin  films  by 
reactive  coevaporation  and  the  film  structure  and  electrical 
properties  arc  described. 

Experimental 


is  show'll  in  l-'igure  1.  The  apparatus  consists  of  a  source 
chamber  and  a  deposition  chamber,  which  arc  separated  by 
a  gate  valve  and  are  independently  evacuated  by  a 
diffusion  pump  and  a  turbo  molecular  pump,  respectively. 
Two  Knud.sen  cell  (K-cell)  arc  u.sed  to  esaporate  Ba  and 
Sr  metal  sources  and  an  electron  beam  gun  (L  gun)  is  used 
to  evaporate  Ti  metal  source.  During  deposition,  the 
pressure  in  the  source  chamber  is  lower  by  one  oidcr  of 
magnitude  than  in  the  deposition  chamber.  This  pressure 
difference  is  attained  not  only  by  the  aforementioned 
differential  pumping  system  but  also  by  the  gettering  effect 
of  active  Ti,  Sr  and  Ba  atoms.  Con.scquently,  the  E-gun 
works  steadily  and  the  source  metals  are  hardly  oxidized. 
The  evaporation  rates  of  each  source  are  measured 
independently  with  three  quartz  crystal  inotiitois,  one  for 
each  sources,  located  above  the  sources.  Single-crystal  R- 
plane  Sapphire  ( « -Al;O.(10T2))  coated  with  a  Pd(5(X)  nm) 
bottom  electrode  layer  was  used  as  the  substrate. 

After  the  chambeis  were  pumped  dow'ii  to  less  than 
1x10 'Torr,  oxygen  gas  was  introduced  toward  the  substrate 
through  a  stainless  steel  tube.  In  order  to  oxidize  the  films 
sufficiently  during  deposition,  as  much  oxygen  gas  as 
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Mg.  1.  Scheinaiic  dUigram  of  ihc  reactive  coevaporation  system. 


CH.T08()-0-7803-0465-9/92$3  ()0  ©IBEH 


285 


possible  shoiikl  be  iiiinxlueecl.  When  the  pressure  was 
higher  than  2x10''  Torr,  however,  the  tlepositioii  rate 
deereased  rapidly  and  it  was  dilTieult  to  evaporate  source 
metals  steadily  at  higher  oxygen  pressure.  Therefore,  the 
appropriate  oxygen  g;is  pressure  in  the  deposition  chamber 
during  deposition  was  tlelerniitied  to  be  2x10  ’  I'orr.  The 
deposition  temperature  wais  .“sOO  '"C.  rite  temperature  of  the 
K-cells  was  varied  from  .220  to  .280  °C  for  Sr  anu  from 
420  to  .SOO  °C  for  Ba.  respectively,  In  a  previous  paper  on 
SrTiO,lll),  the  authors  reported  that  the  evaporation  rate 
of  Sr  gradually  decreased  with  time  even  when  the  K-cell 
temperature  was  kept  constant.  After  20  tnintite  deposition, 
the  evaporation  rate  of  Sr  became  lOCf  lower  than  the 
initial  rate.  It  was  foimd  that  uniform  cotnposition  depth 
profile  could  be  obtained  by  controlling  the  Ti  evaporation 
rate  according  to  the  Sr  evaporation  rate  change.  In  this 
study,  evaporatittn  rate  of  Ba  also  decreased  with  time.  The 
decreasing  rate  of  Sr  atid  Ba  were  almost  same,  riicrcforc, 
the  same  compositioti  control  technique,  which  is  the 
control  of  Ti  evaporation  rate  according  to  the  Sr  and  Ba 
evaporalioti  rate  chatigc,  was  used.  Hxperiment  was 

performcil  with  thickness  in  the  ratigc  of  80  to  90  nm. 
(Ba.Sri  riO,  deposition  rate  w'as  estimated  to  be  2.5  -  4.5 

nm/min  by  measuring  the  film  thicktiess  with  a  surface 

profiler  iDEK  rAK-2020).  Electrical  properties  were 
measuretl  on  a  Au(200  tim)/Ti(50  tim)/(Ba,Sr)TiO3/Pd(.500 
nm)/R-sapphirc  capacitor  structure.  Capacitance  and  iati5 
were  measured  in  the  100  Hz  to  10  MHz  frequency  range 
with  a  Hewlett-Packard  4 194 A  impedance  atialyzer.  Saying 
precisely,  e,  which  will  be  discussed  hereafter  were 

calculated  from  the  capacitance  at  10  kHz,  although  no 
notable  frequency  dispcrsioti  w'as  observed  within  the 
measurement  range.  Eeakagc  current  was  measured  with  a 
Kcithley  617  clectromctcr/sourcc.  Crystal  stnicture  was 
studied  by  X-ray  diffraction  (XRD),  and  film  composition 
was  measured  by  itiductively  coupled  plastna  spectrometry 
(ICP). 

Re.sults  and  Discussion 

'flic  XRD  patterns  of  (Ba,Sr,_j)Ti03  thin  films  (x=  0 
1.0)  arc  shown  in  Eigttre  2.  Perovskite  crystal  structure  was 
obtained  in  the  whole  Ba  content  fx)  range.  It  was  cubic 
perovskite  stnicture  even  in  the  0.7<;x§1.0  range,  where 
bulk  (Baj^Sr,.,)Ti03  is  known  to  be  tetragonal.  The  (ilO) 
peak  intensity  decreased  and  the  (100)  intensity  incrca.scd 
with  increasing  the  Ba  content  (x).  Lattice  constant  of  the 
films,  which  were  calculated  from  the  (110)  peak  location 
are  shown  in  Eigurc  2  along  with  the  well-known  data  on 
bulkir2|.  riic  lattice  constant  of  the  films  increased  with 
increasing  the  Ba  content  (x). 

As-deposited  films  showed  the  large  leakage  current. 


and  therefore  rapid  ihemial  annealing  (RTA)  was  carried 
out  after  deposition.  The  RTA  temperature  was  varied  from 
500  to  700  °C,  and  the  R'l'A  time  was  varied  from  1  to 
4  minutes. 

£,  of  (Ba,Sr,  ,)TiO,  films,  which  were  annealed  by  RTA 
at  600°C  for  1  minute,  depended  on  the  Ba  content  (x).  The 
value  of  E.  was  approximately  450  in  the  range  of 
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Fig.  2.  .\RD  patierns  of  (Ba^.Sri.JTiOj  ihin  filni.s  (x=  0  to  1.0) 
deposited  at  .SlXr'C, 


Fig,  3.  i.atijee  etinstants  of  ( lia,,Sr,_,)l  if),  thin  films  (solid  line),  and 
of  (Haj,.Sr|  ,)TiC),  hulk  (hrt'ken  line).  The  values  for  thin 
films  were  calculated  from  the  ( 1 10)  peak. 
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0.3<x<0.7,  and  170  for  x=0  (SrTiOj),  and  208  for  x=l 
(BaTi03).  Tins  Ba  conteni(x)  dependence  of  was  similar 
to  that  for  rf-magnetron  sputtering  and  1BS|6,81. 

E,  for  (Ba()5Sr()5)Ti03  films,  which  were  annealed  by 
RTA  fur  2  minutes,  was  slightly  tower  than  that  annealed 
for  1  minute,  as  shown  in  Figure  4.  When  the  annealing 
time  was  longer  than  3  minutes,  films  were  extremely 
conductive  and  their  surface  became  rough.  This  result 
shows  that  the  RTA  time  should  be  lower  than  2  minutes. 
The  R  I'A  temperature  dependence  of  e,  is  shown  in  Figure 
5.  Tlic  RTA  time  was  2  minutes,  e,  did  not  depend  on  the 
RTA  temperature. 


Figure  6  shows  the  (Ba+Sr)/Ti  atomic  ratio  (y) 
dependence  of  e,  for  as-deposited  and  annealed  films  witli 
Ba  content  (x)  of  0.5.  e,  decreased  with  increasing  y.  As- 
deposited  films  with  ygl.02  were  highly  conductive  and  e, 
could  not  be  measured.  On  as-deposited  films  with  y>1.02, 
could  be  measured,  but  the  leakage  current  was  fairly 
large.  No  difference  could  be  observed  on  the  XRD 
patterns  for  the  films  presented  in  Figure  6.  The  leakage 
current  density  could  be  reduced  by  R'l'A  treatment  as 
shown  in  Figure  7.  Thus,  RTA  was  effective  to  improve 
the  leakage  current  density. 
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Fig.  6.  (Ba+Sr)/Ti  atomic  ratio  dependence  of  C.  for  (Bau  5,Sr(|,)Ti03 
thin  films. 
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Fig.  7.  Leakage  current  cli.iracteri.stics  of  as-deposiled  and  annc.ilcd 
films  at  600°C  for  1  minute. 
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SOL  GEL  PROCESSING  OF  THICK  PZT  FILMS 

Guanghua  Yi  and  Michael  Sayer 
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Kingston,  Ontario,  Canada  K7L  3N6 


Techniques  are  described  for  the  sol-gel 
fabrication  of  ferroelectric  PZT  films  on  different 
substrates  up  to  1.5  pm  in  thickness  by  a  single  coating 
and  up  to  8  pm  by  multiple  coating.  The  objectives  of 
additives  to  control  drying  and  firing  will  be  reviewed. 
A  mechanical  model  is  presented  which  guides  the 
development  of  such  films. 


Introduction 

The  metallorganic  processing  of  thin  films  of 
piezoelectrics  such  as  PZ .  involves  the  drying  and 
firing  of  a  metallorganic  gel  coated  on  a  surface, 
followed  by  a  high  temperature  anneal  to  crystallize  the 
film  [1].  Sol  gel  processes  based  on  alcohol  (21  and 
water  [3]  based  solvents  respectively  and  metallorganic 
decomposition  methods  for  PZT  (4,5)  have  become  widely 
established.  During  this  process,  approximately  70  wt% 
of  the  starting  materials  are  evaporated  or  calcined 
away,  and  the  final  ceramic  film  has  to  adjust  at  least 
to  a  thermal  cycle  in  which  the  substrate  is  cooled  from 
the  crystallisation  temperature  to  ambient . 

The  purpose  of  this  paper  is  to  establish 
uidelines  and  procedures  to  optimise  the  fabrication  of 
ZT  films  >1  pm  in  thickness  on  specific  substrates.  In 
practice,  this  concerns  whether  a  single  or  multiple 
coating  teohnioue  is  used,  what  is  the  best  temperature 
schedule  for  filing,  and  what  is  the  value  of  additives 
in  controlling  the  drying  and  firing  of  the  film.  In 
principle,  the  analysis  does  not  directly  depend  on  the 
details  of  the  specific  metallorganic  process  employed. 


Sol  Gel  Fabrication  Procedures 

After  formation  of  a  gel  film  on  a  substrate, 
commonly  used  firing  schedules  are  shown  vn  Figure  1. 


(a)  (b) 

Figure  1 :  Firing  schedules  for  sol  gel  films 

(a)  thin  films  (<0.3pm) 

(b)  thick  films  {^1pm) 


If  the  film  is  thin  (of  final  thickness  <0.4pm)  it  is 
often  placed  directly  on  a  surface  heated  to  T,  -  400°C 
until  carbonisation  and  ox.1dation  has  occureo,  and  is 
then  annealed  at  a  higher  temperature.  The  firing 
schedule  is  as  shown  in  Fig. 1(a).  For  films  of  thickness 
in  the  micron  range,  the  firing  schedule  shown  in  Figure 
1(b)  is  preferable.  The  film  is  initially  dried  slowly 
to  about  T,  =  285° C,  then  rapidly  fired  to  T,  =  400° C, 
followed  by  a  final  anneal  at  a  temperature  T^  from  450°C 
to  650° C  depending  on  the  material  and  the  substrate.  T. 
=  285° C  corresponds  to  the  decomposition  temperature  of 
lead  acetate,  a  key  ingredient  of  most  sol  gel  solutions 
for  PZT,  while  at  T,  =  400° C  most  organic  components  of 
the  film  will  pyrolyse  and  oxidise  leaving  an  amorphous 
inorganic  layer.  A  rapid  temperature  rise  between  T,  and 
Tj  is  generally  of  value  and  carrying  out  part  of  the 
process  in  a  partial  vacuum  can  be  of  use.  The  phenomena 
which  occur  during  these  stages  are  shown  in  Figure  2. 


Network  Carbonisation  Crystallisation 

Generation  Oxidation  Annealing 

20°  C _  285°  C _ 400°  C _ 650°  C 

Solvent  Byproduct 

Evaporation  removal 


liquid  wet  gel  gel  amorphous  crystal 


Figure  2:  Stages  of  processing  a  sol  gel  film 


Stresses  which  lead  to  cracking  of  the  film  may  occur 
during  (i)  drying,  (ii)  firing,  (iii)  annealing  and 
crystallisation,  and  (iv)  on  cool  down.  It  is  found  that 
the  most  critical  time  is  often  in  the  later  stages  of 
steps  (i)  and  (ii).  It  will  be  shown  that  the 
microscopic  phenomena  which  occur  during  drying  and 
firing  are  comparable  and  lead  to  a  tensile  stress  in 
the  film.  A  model  based  on  elasticity  is  shown  to 
provide  guidance  for  the  development  of  crack -free 
films . 


Drying  of  a  Gel  Film  T  ■>  T. 

During  drying  gel  films  are  constrained  by  the 
substrate.  In  order  to  avoid  cracking,  an  understanding 
is  required  of  the  interaction  between  the  film  and  the 
substrate,  between  the  solid  network  and  the  liquid, 
liquid  transport,  the  forces  imposed  on  the  solid 
network,  and  the  fracture  mechanism  of  gel  films  during 
drying.  It  is  assumed  that  on  its  formation,  the  solid 
network  bonds  strongly  to  the  substrate  and  has  its  own 
internal  rigidity  and  mechanical  properties. 

Although  the  solution  commences  at  atmospheric 
pressure,  as  the  solution  gels,  due  to  chemical  and 
osmotic  effects  the  pressure  of  the  liquid  within  the 
solid  network  becomes  much  higher  than  the  pressure  in 
the  liquid  layer  that  covers  the  surface  of  the  gel  (6). 
As  the  solid  network  forms  it  is  therefore  stretched  and 
expanded  due  to  the  high  pressure  of  the  liquid. 

The  microscopic  stages  of  drying  a  gel  are 
illustrated  schematically  in  Figures  3(a) -3(d)  [1]. 
Initially  the  surface  is  covered  with  a  layer  of  liquid 
as  shown  in  Figure  3(a).  This  surface  is  shown  as  a 
reference  in  subsequent  diagrams.  The  initial  polymeric 
network  is  highly  stretched  and  expanded  by  the  liquid. 
As  the  liquid  phase  in  the  gel  is  removed,  if  it  is  not 
constrained  the  network  will  spontaneously  shrink  to 
release  this  tensile  stress. 

The  liquid  evaporates  from  the  surface  of  the  gel 
during  drying  -  Figure  3(b).  Since  the  liquid  in  a  gel 
usually  shows  a  very  high  affinity  to  the  solid  network, 
the  liquid  wets  the  solid  network  and  tends  to  cover  all 
the  gel  surface.  Therefore,  liquid  flows  from  the 
interior  of  the  gel  to  compensate  for  liquid  evaporated 
from  the  surface.  A  pressure  gradient  is  developed 
within  the  liquid  due  to  this  flow.  The  solid  network  in 
the  surface  region,  where  the  pressure  of  the  liquid  is 
reduced,  tends  to  shrink  as  a  result.  However,  the 
region  is  also  constrained  by  the  interior  part  of  the 
gel  where  the  pressure  of  the  liquid  is  not  reduced,  or 
where  forces  may  be  introduced  by  the  substrate. 
Therefore,  the  solid  network  in  the  surface  region 
shrinks  primarily  in  the  direction  normal  to  the  surface 
of  the  gel  with  a  tensile  stress  remaining  parallel  to 
the  surface. 


CH3080-0-7803-0465-D/92$.T.O()^°>IFFF 


289 


Temperature 

°C 

Gas  species 

56 

water,  alcohols 

73 

water,  alcohols, 
acetic  acid 

87 

water,  acetic  acid, 
alcohols 

121 

acetic  acid,  trace  water 

175 

acetic  acid,  water 

255 

acetic  acid,  water 

299 

acetic  acid,  CO, 

368 

CO,,  trace  acetic  acid 

45b 

CO,,  trace  CO 

558 

CO, 

754 

trace  CO, 

Figure  3:  Stages  in  drying  of  a  gel 

(a)  Wet  film  (b)  meniscus  beginning  to 
penetrate  the  network  (c)  outer  layer 
shrinkage  taking  place  (d)  flaws  developing 
from  large  size  pores. 


The  vapor/liquid  interface  now  starts  to  move 
into  the  solid  network,  menisci  are  formed  in  the  pores 
as  shown  in  Figure  3(c) ,  and  these  menisci  begin  to  move 
into  the  interior  of  tne  gel.  A  capillary  force  will  be 
imposed  on  the  solid  network  which  will  further  cause 
the  network  to  shrink  as  the  liquid  evaporates.  The 
menisci  in  the  bigger  pores  have  a  greater  radii  of 
curvature  so  that  the  liquid  in  the  larger  pores  has 
greater  vapor  pressure  and  therefore  evaporates  faster. 
If  the  bigger  pores  are  connected  with  the  smaller  ones, 
the  liquid  in  the  bigger  pores  will  also  flow  to  the 
smaller  pores  since  the  liquid  in  the  smaller  pores  is 
subject  to  a  greater  capillary  action.  Therefore,  the 
menisci  in  the  bigger  pores  recede  farther  into  the  body 
so  that  the  bigger  pores  dry  much  faster  as  shown  in 
Figure  3(d).  As  the  gel  shrinks,  its  stiffness  increases 
because  the  solid  network  is  more  tightly  bound  and 
further  crosslinking  takes  place.  When  the  gel  is  too 
stiff  to  contract  under  the  capillary  force,  shrinkage 
stops.  The  vapor/liquid  interface  then  moves  completely 
into  the  solid  network  and  some  bigger  pores  dry  fully. 
Since  the  interior  walls  of  these  pores  are  not  subject 
to  capillary  force,  while  the  smaller  pores  around  the 
bigger  pores  may  still  be  filled  with  liquid  this  causes 
a  stress  concentration  at  the  bottom  of  the  bigger 
pores.  The  dry,  larger  pores  therefore  act  as 

microscopic  flaws  and  propagate  under  the  tensile  stress 
to  form  cracks. 

This  mechanism  explains  why  cracks  generally 
appear  just  when  the  shrinkage  of  the  gel  stops  and  the 
vapor/ liquid  interface  moves  into  the  network  solid 
phase,  and  why  gels  with  different  pore  sizes  have  a 
greater  tendency  to  crack  during  drying.  The  critical 
phenomenon  is  the  increase  of  the  stiffness  of  the 

network  as  it  enters  its  later  stages  of  development.  If 
the  drying  rate  is  high,  the  pressure  gradient  between 
the  surface  and  the  substrate  developed  by  the 

evaporation  of  the  liquid  is  greater  and  cracks  are  also 

more  likely  to  occur.  This  is  not  consistent  with 
observation  for  thin  films,  and  other  effects  must 
compensate. 


Table  1 :  Thermogravimetric  data  for  acetic  acid/water 

based  sol  gel  as  a  function  of  firing 
temperature. 


The  first  materials  driven  off  at  about  80° C  are 
water,  alcohols  and  acetic  acid  which  are  the  main 
components  of  the  gel  liquid.  Acetic  acid  was  evolved 
between  73° C  to  368^0.  A  weight  loss  occurred  just  below 
300° C  which  can  be  assigned  to  the  decomposition  of  lead 
acetate.  Carbon  dioxide  was  initially  evolved  at  a 
sample  temperature  of  299° C,  a  substantial  emission 
occurred  at  450° C,  and  trace  carbon  dioxide  was  evolved 
even  at  750° C.  This  suggests  that  carbonaceous  material 
can  be  trapped  within  the  film  material. 

Thus,  substantial  amounts  of  material  have  to  be 
lost  from  the  film  by  controlled  diffusion  over  a  wide 
range  of  temperature.  This  release  will  reflect  the 
bonding  of  the  organic  species  to  the  inorganic 
components  of  the  gel.  For  example,  acetic  acid  is 
evolved  from  the  coating  in  different  temperature 
regions.  The  acetic  acid  vaporized  in  the  temperature 
region  from  70° C  to  120° C  is  free  in  the  solution.  As 
water  is  lost,  more  acetate  groups  are  bonded  to 
titanium  and  zirconium  ions.  The  bonded  acetate  groups 
are  driven  off  around  175°C.  For  thin  films,  diffusion 
is  not  the  limiting  factor  and  desorption  is  important. 
However,  for  thick  films,  the  rate  at  which  components 
move  is  critical.  Processing  in  a  reduced  partial 
pressure  of  oxygen  can  first  remove  the  maximum  amount 
of  volatile  solvents,  and  then  provide  additional 
control  over  the  way  the  diffusion  constant  for  various 
species  in  the  film  change  during  processing. 

In  the  range  of  temperature  from  220° C  to  260° C, 
gel  films  crack  readily.  As  the  volatile  components 
vaporize,  the  films  must  shrink.  However,  because  it  is 
constrained  by  the  substrate  and  by  internal  parts  of 
the  network,  the  surface  cannot  shrink  freely  and 
internal  tensile  stresses  will  be  created.  If  these 
cannot  be  relaxed  the  film  will  crack  when  the  internal 
tensile  stress  achieves  a  critical  value. 

An  intrinsic  stress  relief  mechanism  is  inherent 
to  PZT  processing.  When  the  gel  films  are  heated  to 
T.=285°C,  lead  acetate  melts  and  starts  to  decompose  to 
tne  more  stable  lead  carbonate.  The  amount  of  acetic 
acid  driven  off  increases  drastically,  carbon  dioxide  is 
evolved,  and  network  movement  takes  place.  However, 
part  of  the  shrinkage  which  takes  place  arises  from 
continued  condensation  reactions  such  as 

M-OH  +  HO-M  >  M-O-M  -t-  H^O 


Firing  of  Dried  Films  T.  ■»  T.. 

As  the  temperature  increases,  densification, 
pyrolysis  and  oxidation  of  the  film  takes  place.  For  a 
water/acetate  based  PZT  film  (3],  thermogravimetric 
measurements  and  studies  of  the  gas  species  emitted  by 
the  film  at  given  temperatures  are  shown  in  Table  1 . 
Significant  weight  losses  occurred  at  250° C  and  at 
450° C. 


which  lead  to  densification  of  the  solid  network.  If 
this  occurs  in  a  non-uniform  manner,  and  particularly  in 
tie  surface  regions  the  diffusion  constant  for  organic 
products  from  the  interior  may  be  reduced  and  residues 
can  become  trapped  leading  to  subsequent  pitting  or 
crack  propagation  in  subsequent  thermal  cycles.  Defects 
arising  from  this  source  are  shown  in  Figure  5. 
Similarly  densification  of  the  surface  regions  can  give 
rise  to  tensile  stresses  relative  to  the  substrate. 
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Since  most  stress  relaxation  processes  are 
theraally  activated,  the  stress  relaxation  tine  of  the 
files  can  be  decreased  Markedly  by  increasing  the 
teMperature.  It  is  advantageous  to  heat  the  file  to  the 
temperature  of  T,  as  rapidly  as  possible.  The  stress 
relaxation  time  is  drastically  reduced  and  high  internal 
tensile  stress  cannot  develop.  Therefore,  a  rapid 
temperature  transition  from  T,  to  Tj  is  of  qualitative 
importance  in  the  preparation  of  crack-free  films. 

There  is  a  quantitative  comparison  between  both 
drying  and  firing  in  that  tensile  stress  arises  in  a 
film  bonded  to  a  rigid  substrate.  In  order  to  examine 
the  parameters  of  this  system,  a  macroscopic  model  for 
crack  propagation  based  on  linear  elasticity  theory  has 
been  developed  based  on  Figure  4. 


Linear  Elastic  Model  for  a  Sol  Gel  Film 


- 1 .  1 


1 


i'  1.' 


Figure  4:  Dried  or  fired  film  constrained  by  a 

substrate  (a)  prior  to  processing  (b)  after 
processing. 


The  substrate  is  assumed  to  be  a  rigid,  semi¬ 
infinite  body  and  the  bonded  film  is  assumed  to  be  thin 
and  isotropic  and  have  a  constant  thickness.  The  elastic 
constants  can  be  clearly  defined  for  fired  films  and  for 
the  later  stages  of  drying  gel  coatings.  As  a  result  of 
shrinkage  due  either  to  a  process  of  drying  or  of 
firing,  a  homogeneous  tensile  stress  is  generated  in  the 
film.  In  the  case  of  gel  drying,  the  magnitude  of  the 
tensile  stress  will  be  approximately  equal  to  that  of 
the  pressure  of  the  liquid  on  the  wet  gei  film. 
According  to  the  Griffith  criterion  for  crack 
propagation,  a  miorocrack  will  propagate  if  the  decrease 
in  elastic  strain  energy  resulting  from  the  propagation 
of  the  crack  is  greater  than  the  increase  in  surface 
energy  due  to  the  increase  in  the  surface  area  of  the 
crack  [7].  This  implies  that  a  critical  thickness 
exists.  The  elastic  energy  released  by  cracking  a  film 
which  is  thinner  than  the  critical  thickness  cannot 
compensate  for  the  surface  energy  created  by  the 
formation  of  the  crack.  Therefore,  the  cracking  of  the 
film  is  not  a  thermodynamically  favorable  process  and 
the  film  can  be  dried  or  fired  without  cracking.  If  the 
thickness  is  larger  than  the  critical  thickness,  this  is 
not  the  case  and  it  is  thermodynamically  favourable  for 
cracking  to  take  place. 

In  the  case  where  no  effects  of  thermal  expansion 
of  a  substrate  were  included,  the  stress  distribution  in 
a  film  segment  between  two  long  and  parallel  cracks  and 
the  elastic  energy  released  by  the  film  segment  after 
the  formation  of  the  cracks  was  calculated.  When  cracks 
form,  the  film  in  the  region  near  the  crack  is  deformed 
and  the  stress  distribution  in  this  region  will  change. 
If  a  tensile  stress  o,  which  is  exactly  equal  to  the 
tensile  stress  of  the  film  before  cracking,  is  Imagined 
and  applied  normally  to  the  crack  surfaces,  it  will 
bring  the  film  segment  back  to  its  original  form  and 
stress  state.  After  appropriate  calculations,  it  can  be 
shown  that  the  critical  thickness  T  is  given  by  [8] 


T^O  .  83 - — - 

(l•^v)  y/l-v 


The  critical  thickness  is  directly  proportional  to 
Young’s  modulus  E  and  the  surface  energy  per  unit  area 
r  of  the  film,  and  is  inversely  proportional  to  a‘  the 
square  of  the  internal  tensile  stress  of  the  fila.  v  is 
Poisson’s  Ratio. 

This  expression  was  checked  for  alumina.  Since  all 
the  data  for  sintered  alumina  could  easily  be  obtained, 
a  comparison  of  strength  between  the  film  and  bulk 
material  of  sintered  alumina  was  made.  Published  data 
for  sintered  alumina  gives  the  critical  thickness  T  = 
0.5  pm,  the  Young’s  modulus  E  =  3.65x10"  dynes/cm®,  the 
surface  energy  per  unit  area  r  =  1000  ergs/cm^  and  the 
Poisson  ratio  v  =  0.25  [9].  The  calculated  strength  of 
a  sintered  alumina  film  with  critical  thickness  on  a 
rigid  substrate  with  critical  thickness  was  =  750 
kg/mm^.  This  value  is  more  than  double  the  strength  of 
bulk  sintered  alumina.  This  is  as  expected  since  a  film 
bonded  on  a  rigid  substrate  would  show  a  much  higher 
strength  than  the  bulk  material  due  to  the  interaction 
between  the  film  and  the  substrate. 

Qualitative  features  of  this  model  suggest  that 
during  firing,  the  dimensions  of  the  substrate  should  be 
as  large  as  possible  before  gel  shrinkage  takes  place. 
When  the  substrate  is  cooled,  thermal  contraction  may 
then  place  the  film  into  compression.  The  firing  method 
and  temperature  schedule  should  reflect  these  require¬ 
ments.  This  is  consistent  with  the  experimental 
observation  of  the  suprising  effectiveness  of  hot  plate 
heating  of  sol  gel  samples,  where  the  substrate  is 
heated  before  the  film,  and  of  rapid  thermal  annealing 
of  silicon  where  the  absorption  of  heat  occurs  within 
the  silicon  wafer. 


Plication  to  PZT 


The  incentive  for  this  model  was  the  observation 
that  a  gel  film  can  be  dried  on  a  substrate,  but  only  if 
the  thickness  of  the  film  is  less  than  a  critical 
thickness.  This  shown  in  Figure  5.  The  critical 
thickness  is  less  than  1  pm  for  ordinary  PZT  gel  films. 
It  was  also  observed  that  the  cracks  in  a  gel  film  stop 
at  the  edges  where  the  thickness  of  the  film  is  reduced. 


Figure  5:  Micrographs  of  crack  propagation  in  dried 

PZT  gel  films  (a)  Films  of  varying  thickness 
(b)  stress  cracks  due  to  included  organics 


According  to  the  analysis  above,  the  cracking  of 
a  gel  film  on  a  rigid  substrate  depends  on  the  Young’s 
modulus,  the  specific  surface  energy  and  the  internal 
tensile  stress  of  the  gel  film.  Qualitative  judgements 
may  be  made  with  respect  to  PZT. 
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Id  both  the  lined  and  fired  gels,  the  internal 
tensile  stress  has  the  most  significant  impact  on  the 
film  and  this  should  clearly  be  reduced  to  avoid 
cracking.  This  may  be  done  by  either  chemical  or 
physical  means. 

In  the  case  of  drying,  since  the  internal  tensile 
stress  of  the  gel  film  is  produced  by  the  high  pressure 
of  the  liquid  in  the  gel,  the  probability  of  cracking 
can  be  reduced  by  decreasing  this  pressure.  Chemically 
this  can  be  achieved  by  reducing  the  affinity  between 
the  liquid  and  the  solid  network  and  increasing  the  pore 
size.  Cracking  is  reduced  by  adding  long  chain  alcohols 
or  polyethylene  glycol  into  the  solution.  A  gel  film 
formed  with  a  solution  containing  long  chain  alcohol  or 
polyethylene  glycol  is  translucent  after  drying, 
indicating  that  the  pore  size  is  large.  Both  of  the 
above  compounds  act  as  a  poor  solvent  of  the  inorganic 
polymeric  species  in  the  solution.  Therefore,  the 
affinity  between  the  liquid  and  the  solid  network  is 
reduced  and  the  structure  of  the  gel  film  is  coarsened. 
This  reduces  the  force  imposed  on  the  solid  network,  and 
after  drying,  the  gel  film  will  have  a  lower  internal 
tensile  stress.  However,  since  coarse  structures  will 
require  higher  firing  temperatures  and  longer  annealing 
times  the  microstructure  and  electrical  properties  can 
be  degraded  by  this  route. 

Alternative  agents  such  as  ethylene  glycol  and 
glycerol  can  be  used.  Gel  films  prepared  from  solutions 
containing  glycerol  are  transparent  after  drying, 
indicating  that  the  pore  size  of  the  gel  films  is  very 
small  or  that  pores  may  be  totally  absent.  Fired  films 
prepared  from  these  solutions  are  clear  and  transparent, 
indicating  that  the  components  of  the  films  are 
homogeneously  mixed.  Such  films  prepared  can  be 
crystallized  into  the  perovskite  structure  at 
temperatures  as  low  as  450°  . 

The  mechanism  for  the  use  of  ethylene  glycol  and 
glycerol  in  precursor  solutions  for  PZT  films  is  still 
under  study.  They  do  not  increase  the  viscosity  of  the 
solution,  but  may  simply  act  as  solvents  in  the  presence 
of  water.  It  was  also  observed  that  solutions  containing 
ethylene  glycol  and  glycerol  gel  at  higher  temperatures. 
Since  the  ethylene  glycol  and  glycerol  have  more  than 
one  functional  group,  they  also  act  as  chelating  agents 
to  form  chelated  derivatives  with  metal  complexes  as 
shown 


M(0R)„  +  HO-CHj-CHj-OH  < - > 


/ 

(R0)„  jM 

\ 


CHj 

(!:h. 


+  2ROH 


M(0R)„  +  HO-CHj  CH-CH5-OH  < - >  (RO) 

UH 


0  CHj 

dlHOH  +  2R0H 

Vk 


Since  the  chelated  derivatives  are  more  resistant 
to  hydrolysis  than  their  counterpart  metal  complexes, 
the  formation  of  the  chelated  derivatives  may  be  the 
reason  why  such  solutions  gel  at  higher  temperatures. 

Therroogravimetric  studies  show  that  the  glycerol 
probably  does  not  evaporate,  but  is  retained  in  the 
solid  network  or  in  the  pores  of  the  gel  films  and  acts 
as  an  organic  plasticizer.  High  tensile  stress  cannot  be 
built  up  in  the  gel  film  and  the  tendency  of  the  film  to 
crack  during  drying  and  firing  is  substantially  reduced. 
Glycerol  and  other  organics  retained  in  the  gel  films 
can  be  carbonized  and  oxidized  by  a  proper  firing 
procedure.  By  this  method,  thick  transparent  PZT  films 
up  to  2  urn  thick  at  one  coating  have  been  made.  An 
example  of  such  a  film  is  shown  in  Figure  6(a). 

The  critical  thickness  is  an  important  parameter 
which  indicates  whether  multiple  coatings  are  more 
effective  than  a  search  for  large  thickness  single 
coatings.  Figure  6(b)  shows  a  7.5  pm  thick  PZT  film 
prepared  as  5  successive  coats.  This  thickness  is  below 
the  critical  thickness  for  PZT  and  no  layering  .Is 
detected  within  the  body  of  the  film. 

The  rate  of  crystallisation  of  films  is  affected 
bv  the  substrates.  For  example,  PZT  films  on  aluminum 


can  be  fully  crystallized  at  600  C  (10).  To  achieve  the 
same  degree  of  crystallisation,  PZI  films  on  platinum, 
ITO  or  oxides  such  as  RuO^  have  to  be  heated  to  650“C. 
Epitaxial  growth  has  also  been  achieved  using  sol  gel 
processing.  These  effects  are  due  to  the  ptobaoility  of 
heterogeneous  nucleation  of  crystals  on  a  specific 
substrate.  This  can  be  illustrated  by  reference  to 
aluminium.  Since  aluminum  is  very  active,  the  surface  of 
an  aluminum  substrate  oxidizes  in  air  to  form  a  layer  of 
alumina . 


Figure  6;  Scanning  electron  micrograph  of  cross- 
sections  of  PZT  film. 

(a)  1.5  pm  thick  prepared  in  a  single  coat. 

(b)  7.5  pm  thick  prepared  as  5  coats 


The  PZT  nuclei  formed  on  the  aluminum  substrate 
are  stablized  by  contact  with  alumina.  The  critical 
radius  of  the  nuclei  is  not  changed,  but  the  required 
number  of  atoms  to  form  a  nucleus  is  reduced  and  the 
probability  of  crystal  embroyos  achieving  a  critical 
radius  is  increased.  Therefore,  more  nuclei  are  formed 
in  films  on  aluminum  than  on  platinum  Since  the 
overall  rate  of  growth  of  the  crystalline  phase  depends 
also  on  the  number  of  particles  that  are  growing,  films 
with  more  nuclei  crystallize  more  rapidly.  StuHie*  of 
the  growth  kinetics  of  ceramic  films  are  therefore  of 
importance  (12). 


Conclusions 

A  microscopic  and  macroscopic  review  of  the 
sources  of  stress  in  films  during  drying  and  firing 
suggest  proc«>dures  for  fabrication  thick  PZT  films. 
These  include  the  use  of  additives  such  as  glycerol  to 
reduce  internal  stress  during  firing,  and  appropriate 
firing  schedules  to  acccmodate  the  film  thickness. 
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ABSTRACT 

Highly  transparent  lead  titanate  (PbTiOj)  thin  films  were  deposited  on  both  piaiinum- 
coated  silicon  wafers  and  sapphire  disks.  The  results  were  characterized  using  XRD  to 
determine  the  phases  present  and  the  presence  of  preferred  orientation.  SEM  was  used  to 
examine  the  morphology  of  both  the  surface  and  cross-section.  UV-VIS-NIR 
spectrophotometry  was  used  to  determine  the  dispersion  n  lationship  and  the  optical  band 
gap  energy. 

INTRODUCTION 


Lead  titanate  (PbTiOj)  based  ceramics  have  been  well 
known  for  their  interesting  piezoelectric,  pyroelectric,  ferroelectric, 
and  electro-optic  properties.  In  recent  years,  the  thin  film  forms  of 
PbTi03  (PT)  and  PT  derived  materials  such  as  PZT  and  PLZT  have 
generated  considerable  interest  due  to  their  application  in 
nonvolatile  ferroelectric  RAMs.  These  thin  films  also  find 
applications  in  optoelectronic  devices,  sensors  and  transducers. 

While  many  processing  techniques  are  available  to 
synthesize  PT  thin  films,  metallorganic  chemical  vapor  deposition 
(MOCVD)  is  a  promising  technique  for  several  reasons;  the 
equipment  is  relatively  simple,  film  thickness  uniformity  is 
excellent,  film  density  is  high,  deposition  rate  is  high,  step  coverage 
is  excellent,  and  it  can  be  incorporated  into  large  scale  processing 

IM- 

EXPERIMENTAL  PROCEDURE 

In  this  paper,  the  MOCVD  process  was  used  in  a  hot-wail 
reactor  to  deposit  quality  PbTi03  thin  films.  A  schematic  diagram 
of  the  apparatus  used  is  shown  in  Fig.  1.  The  reactor  consists  of  a 
stainless  steel  tube  with  a  2"  inner  diameter.  A  liquid  nitrogen  co\d 
trap  in  series  with  the  vacuum  pump  protects  the  vacuum  pump 
from  harmful  exhaust  products.  A  resistively  heated  furnace  is  used 
to  heat  the  reactor  tube  to  the  desired  deposition  temperature. 

Precursors  were  sealed  in  stainless  steel  bubblers  which 
were  resistively  heated  to  a  uniform  temperature  using  customized 
mantle  heaters;  the  variation  in  bubbler  temperature  was  less  than 
±1.0  C.  The  flow  rates  of  the  O2  dilute  gas  and  the  N2  carrier  gases 
were  monitored  and  controlled  using  microprocessor  equipped  mass 
flow  controllers  (MFCs).  The  pressure  was  stabilized  using  the 
vacuum  pump  valve  while  the  system  had  reached  steady  state 
behavior. 


A  closeable  bypass  was  installed  in  the  reactor  to  allow  the 
precursors  to  bypass  the  reactor  prior  to  beginning  the  deposition. 
This  is  required  to  insure  that  the  system  has  already  reached 
equilibrium.  All  pipes  in  the  system  were  heated  to  about  130  C 
using  heating  cords  to  prevent  the  condensation  of  the  precursor. 

The  metallorganic  precursors  chosen  were  lead  (II) 
tetraheptanedione  (Pb(thd)2)  and  titanium  (IV)  ethoxide  (Ti(OEt)4); 
a  summary  of  their  important  properties  is  provided  below  [1]: 


TABLE  1 ;  Summary  of  Precursor  Properties 


Precursor 

Form  tt 
RT 

Air 

SubOity 

Tm 

Tb 

Td 

pb(ihd)j 

Powder 

Stable 

128 

320 

300 

Ti(OEl)4 

Liquid 

Stable 

122 

300 
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Selection  was  based  on  their  volatility  and  compatible 
decomposition  temperatures  as  well  as  the  safety  and  ease  of 
handling  the  materials.  A  suitable  concentration  of  oxygen  provided 
by  the  dilute  gas  is  necessary  to  provide  an  oxidizing  atmosphere 
for  the  pyrolysis  of  these  precursors.  Pb(thd)2  is  a  white  powder  at 
room  temperature  and  must  be  heated  near  its  melting  point  to 
achieve  significant  volatility.  5g  were  used  in  the  bubbler  each  time 
and  was  replaced  with  fresh  precursor  for  each  deposition  to 
prevent  degradation  of  the  precursor  due  to  oligimerization. 
Ti(OEt)4,  on  the  other  hand,  is  a  liquid  and  while  relatively  stable  in 
dry  air,  it  rCuCL;  readily  with  .uoisture.  Consequently  it  was  kept 
sealed  up  under  vacuum  in  the  bubbler  and  was  generally  replaced 
only  after  ten  to  fifteen  depositions.  No  apparent  degradation  in 
volatility  or  deposition  rate  was  observed  to  occur.  The  optimum 
deposition  parameters  used  are  given  below; 


TABLE  2  :  MOCVD  Paiameieis 


Pb(lh<02 

ri(oa)4 

BubMer  Temperatufe,  Tg 

128  C 

83  C 

Carrier  Gu 

N2 

N2 

Carrier  Gas  Flow  Rate 

25  seem 

5  seem 

Deposition  Teroperature,  Tq 

500  C 

Pressure 

6  lorr 

Dilute  Gas 

02 

IMute  Gas  Flow  Rate 

550  seem 

Deposition  Time,  t 

30  min. 

The  substrates  used  were  of  three  different  materials:  single 
crystal  sapphire  oriented  within  a  30  degree  cone  of  the  c-axis, 
platinum  coated  silicon  wafers  (Pt/Ti/Si02/Si),  which  will  hereafter 
be  referred  to  as  platinum  substrates,  and  polycrystalline  alumina 
wafer.  Sapphire  substrates  were  used  for  the  puipose  of  obtaining 
optical  properties  by  means  of  UV-VIS-NIR  spectrophotometry. 
The  platinum  substrates  were  used  to  evaluate  the  deposition 
behavior  of  the  FT  on  an  electrode  material  commonly  used  for 
determining  electrical  properties.  Polycrystalline  alumina  was  used 
to  monitor  the  overall  deposition  rate  and  phase  constitution  for 
positions  on  the  substrate  holder  not  occupied  by  the  platinum  or 
sapphire  substrates. 

RESULTS  AND  DISCUSSION 

The  lead  titanate  films  produced  in  this  way  were  found  to 
be  nearly  stoichiometric  PbTi03;  energy  dispersive  spectrometry 
(EDS)  revealed  compositions  generally  of  about  54%  PbO  and  46% 
Ti02.  To  measure  the  film  thickness,  weight  measurements  were 
taken  before  and  after  deposition  with  an  electronic  balance  having 
a  precision  of  10  micrograms.  The  deposition  rate  in  the  uniform 
temperature  zone  for  the  stated  experimental  parameters  was 
generally  about  13  nm/min  resulting  in  a  film  thickness  of  about 
400  nm  after  30  minutes.  There  was  a  noticeable  substrate  effect  on 
the  deposition  rate;  the  deposition  rate  on  the  Pt  samples  tended  to 
be  much  higher  than  on  an  adjacent  sapphire  or  alumina  substrates. 
This  phenomenon  was  also  reported  by  Swartz  et  al.[3] 


The  PbTi03  films  were  generally  fouitd  to  be  smooth, 
specular  and  crack-free  at  SOO  C,  but  blistering  and  peeling  was 
found  to  occur  on  the  Pt  substrates  at  the  higher  deposition 
temperatures  of  525  C  and  550  C.  This  phenomenon  is  most  likely 
stress  related  and  may  be  a  result  of  the  phase  transformation 
occurring  at  the  Curie  temperature,  which  would  be  avoided  at  the 
lower  temperature. 


XRD  using  Cu-K<>(  radiation  was  used  to  monitor  phase 
constitution  and  reveal  possible  crystallographic  orientation;  a 
comparison  of  the  typical  XRD  pattern  for  each  of  the  three 
substrate  materials  is  given  in  Fig.  2.  In  the  as-deposited  condition, 
XRD  revealed  only  the  presence  of  the  single  perovskite  phase  of 
PbTi03.  However,  some  substrates  exhibited  a  very  noticeable 
improvement  in  their  XRD  pattern  following  a  600  C  anneal  air 
for  1  hour,  implying  that  there  may  be  a  mixture  of  both  the 
amorphous  and  perovskite  phases  in  some  of  the  films  prior  to 
annealing.  This  effect  was  particularly  noticeable  on  samples  which 
were  placed  outside  the  uniform  temperature  zone  and  hence  were 
at  a  lower  temperature. 

Platinum  substrates  also  showed  the  formation  of  a  Pb-Pt 
intermetallic  compound  at  the  interface.  The  XRD  patterns  also 
demonstrated  the  tendency  for  the  preferred  orientation  of  films  on 
Pt  substrates  as  evidenced  by  the  extremely  j'tense  x-ray  peaks 
corresponding  to  the  [001]  and  [100]  directions.  This  phenomenon 
has  also  been  reported  in  the  literature  for  Pt  substrates[2,  3].  There 
was  no  discernible  orientation  relationship  for  the  sapphire  and 
alumina  substrates. 


(a)  as  deptttued 


(b)  500  C  anneal  for  1  hour 


(c)  fJH)  C  anneal  for  1  hour 

t  ;i;urc  '  :  SlAI  Ph.'H.gniphMm.ii;  =  >II.IKXI  X)  ol  PbTiO,vm  Pt Ti SiOvSi 

Scanning  I-.lcclron  Microscopy  (S[:M)  was  used  lo  image 
’he  him  morphoiugy  and  surl'ace  topography  o!' a  typical  Ph'l'id-) 
lilm  deposited  on  a  Pi  substrate.  In  tiddilion  lo  including  part  of  the 
film  in  the  as-deposiled  state,  the  sample  w;is  broken  into  two  more 
pieces  W’bieh  were  annealed  for  one  hour  at  500  C  and  61)0  C. 
respectively.  Eidge  profiles  of  the  fractured  lilms.  which  were  taken 
by  tilting  the  microscope  stage,  are  shown  in  Fig.  .f.  The  cross- 
seclions  of  the  films  show  a  dense,  noneolumnar  structure,  although 
the  surlaee  is  slightly  rough. 


(C)  C  anneal  tor  1  hour 

Figure  a  :  SFM  Pholc 'graphs  (m.ig,  =  ill.iKXi  ,\|  c:  P('  l  !i ) ,  ,  :i  P:  ■[  .  s,( ; ,  s, 

Efigh  magnilieation  images  ol  the  surlaees  aie  shown  in  f  ig. 
4.  The  annealed  samples  show  eyidenci  ul  ihe  lorm.iiion  I'l  .1  line 
structure  during  the  heat  treatment  cycle  with  w hat  ,ip|re.irs  t>)  Iv  .111 
extremely  small  grain  si/e  that  is  not  apparent  m  the  as-deposiled 
state.  XRD  reveals  that  the  annealed  samples  coni. lined  only  the 
perovskite  pha.se.  ffstimating  from  the  .SI  .M  phologr.iphs.  the 
apparent  gram  si/e  of  the  500  C  annealed  sample  is  alsout  .'^O  nm. 
The  600  C  annetiled  sample,  due  to  turther  erowth,  shows  an 
average  grain  si/e  of  about  100  nm.  .A  lelaliseb  (me  giamcd 
structure  is  generally  desirable  from  the  si.indpoinl  o(  electric. il 
nroperties. 
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Figure  5  :  UV-VIS-NIR  spectra  for  325  nm  thick  film  on  sapphire 


Figure  6:  Refractive  inJex.  n.  as  a  function  of  waveiengih 

lb)  Determination  of  the  direct  band  gap  cnergv.  \-^  based 
t.>n  the  absorption  coefficient.^^,  and  the  pbviton  cnergv 


The  UV-VlS-NIR  transmission  spectrum  and  reflectance 
spectrum  were  obtained  for  the  as-deposited  PT  film  on  a  sapphire 
substrate  in  order  to  obtain  the  optical  constants,  film  thickness  and 
packing  density.  The  transmission  properties  of  the  film  revealed  a 
highly  specular,  nonabsorbing  film  as  evidenced  by  the  fact  that  the 
maxima  in  the  interference  fringes  approach  the  transmitted 
intensity  of  the  uncoated  sapphire  disk  at  higher  wavelengths. 

The  dispersion  relationship  for  the  refractive  index,  n,  and 
the  behavior  of  the  absorption  coefficient  with  photon  energy  were 
both  determined  using  the  envelope  method,  as  was  the  film 
thickness,  which,  for  the  spectra  shown  was  325  nm.  Using  this 
method,  the  optical  band  gap  energy  was  found  to  be  3.67  eV.  This 
is  slightly  greater  than  the  3.6  eV  reported  for  the  bulk  solid  f4|.  For 
a  wavelength  of  632.8  nm,  the  wavelength  of  a  He-Ne  laser,  the 
refractive  index  was  found  to  be  2.474  which  is  somewhat  less  than 
the  literature  value  for  the  bulk  of  2.668  [5].  Using  an  effective 
medium  approximation  for  the  refractive  index,  the  film  packing 
density  was  estimated  to  be  about  89%. 

SUMMARY 

In  summary,  high  quality  PbTi03  thin  films  were  deposited 
on  sapphire  and  platinum-coated  substrates.  XRD  revealed  a 
nonoriented  film  on  sapphire  while  the  film  on  the  platinum 
substrate  was  preferrably  oriented  in  the  (100)  and  (001)  directions. 
A  relatively  dense  morphology  was  observed  using  SEM. 
Additionaly,  the  formation  of  a  very  fine  structure  was  also 
observed  upon  annealing  the  films  following  deposition.  The  optical 


dispersion  relationship  and  absorption  coefficient  behavior  were 
both  determined  using  the  envelope  method  and  UV-VIS-NIR 
spectrophotometry.  The  refractive  index  was  2.474  at  632.8  nm 
from  which  the  packing  density  was  estimated  to  be  about  89%. 
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1)  r  Dauscli  anil  Ci.l  1  llacttlinj; 

Dtpailiiii-nt  111  (  erainic  t:cij;inceriMg.  Ck-iiiMHi  I  nivfriiiv 


('lfniM)ii,  SC' 

Absir.ur  Li- 111  lanihanuin  /irconatc  tiianaie  iPL/l'i 
li-i Kii’k'i'inii  MiTf  proiUiLi'ti  in  hulk  iirramii  .iiiii  thin  him  tonii  m 
iiiiliT  Ui  HMH|)aii'  iheir  clci iriial  and  phvMiai  propcrtlC^  Both  bulk 
anil  thill  film  lampics  ol  M-lciicd  ll)^lpl1lHHln^  Mere  priKinccil  Iritm 
die  laine  aeeiaie  pieeursDr  Milution'i  Properties  examined  Mere 
dieleenii,'  ['eniiiiiiviiv.  dissipation  laetor,  remanent  polan/ation, 
cixTii'.e  tield.  (  line  leinperature  and  erxstallimty  Bulk  eeramies 
Mere  hot  pressed  Iroiti  eliemiealli  eofireeipilaled  |)o'.iders,  and 
ehcmieallv  denied  thin  liims  iiere  tabneated  b\  spin  mating- 
I'lpieai  eoiiilitions  lor  liot  jiressnn;  iiere  IJlMb’C"  tor  4  hours  at 
14  MPa  (2U(,l)psii,  iihereas  the  thin  I’llms  iiere  sintered  at  TOlV’C? 
lor  4  minutes  per  layer.  The  similaritieii  and  ditferences  bemeen 
the  'lUiterials  are  deserihed. 

liuriKhietion 

berroeleeinc  thin  t’llms  haie  lieen  the  subject  ol  years  ot 
oneoin^  research  in  the  study  and  opiiini/ation  ot'  their  prtvessmg 
and  jiroperties.  The  imptinaiice  ot  t’errt'electnc  thin  films  is  evident 
in  their  manv  applications  ranging  from  noniolatile  memories  to 
electrooptic  deuces.'  These  thin  film  applications  stem  from  the 
many  lerroeleciric  hulk  cerattiic  compoitents  successtully  developed 
oier  the  years.  In  some  instances,  hoiieier.  thin  films  possess 
adiantagi's  over  hulk  leranncs  which  make  them  more  desirable  for 
many  deuces  and  hri'aden  the  range  of  aiiplications  for  ferroelectric 
materials  l  ower  operating  voltage,  higher  speed,  easier 
integration  with  silicon  technology  and  lower  cost  .U'e  among  the 
adiantages  faionng  thin  tilm  ferroelectncs. 

In  order  to  more  fully  understand  and  optimize  thin  film 
ferroclecirtc  behavior,  a  comparison  is  necessary  to  bulk 
lerroelectnc  phenomen.i,  Oirect  correlation  between  the  bulk  luid 
thin  film  matenals  is  difficult  since  the  precursors  and  prtKessmg 
technu|ues  of  each  are  typically  so  dissirnilar.  however,  a  study  is 
presented  here  that  diminishes  this  dispanty ,  This  research  Reuses 
on  the  fabrication  and  characterization  of  PLZT  bulk  ceramics  and 
ihin  films  produced  from  the  same  acetate  precursor  solutions.  It  is 
tx-lieied  that  this  process  allows  for  a  close  comptinson  ot  PLZT 
bulk  ,ind  thin  tilm  ferroelectncs  by  minimizing  or  eliminating 
ilifferences  in  the  priKessing  of  these  matenals  induced  by  batching 
variations,  precursor  impunlies  and  differences  in  mixing,  reactivity 
.ind  chemical  composition  of  the  precursor  matenals.  A  study  ot 
several  PLZT  compositions  is  presented  to  explore  siirulanties  .ind 
differences  in  the  behavior  of  hot  pressed  bulk  ceramics  prtxluced 
trom  chemic.illy  coprecipii.ited  powders  and  spin  coated  ihiit  films 
nrodiii^d  by  .i  nietallorgamc  decomposition  (.MOD)  process. 

P.xpenmental  Procedure 

Prove  ssmg 

PLZ  T  hot  pressed  ceramics  and  spin  coated  thin  films  were 
fabricated  using  a  process  similar  to  previously  reported  processes 
using  a  water  soluble  acetate  precursor  system.-  The  acetate 
precursors  were  chosen  pnmanly  for  their  chemical  stability, 
insensitivity  to  moisture  and  low  cost.  The  starting  precursors 
included  le.id  siibaceiate  iPbAc)  powtler.  lanthanum  acetate 
iL.i-\ci,  zirconium  acetate  iZrAci  and  titanium  acetylacetonate 
iTi.X.Aci  solutions.  F-or  processing  simplicity  and  accuracy,  PbAc 


was  nu.xed  into  soluliitn  by  the  addition  ot  acetic  acid  and  melhancii 
M)  that  all  of  the  .iceiatc  precuisors  were  in  liquid  tonn  This 
ensured  that  the  beginning  acetate  iOrtnulation  was  readili  and 
completely  mixed  into  solution.  Ihn  nep  becomes  important  since 
only  a  small  portion  of  the  loial  .iceiaie  tonnuialion  is  used  tor  'pin 
coating.  Incomplete  mixing  would  produce  compositiunal 
lluctuations  between  bulk  and  thin  trim  solutions  It  should  be 
noted  that  all  ol  the  precursors  were  assaieu  Itcfore 
expcnmeiu,.'ion.  and  ihe  same  stivk  solution  of  e.ich  preiursor  w.is 
used  throughoi.l  these  experiments.  These  precautions  were  taken 
to  reduce  the  pi'ssibiluy  ot  haichmg  lanations  between  bulk  .md 
thin  film  maiena's  so  ihai  similaniies  and  differences  in  iheir 
propenies  were  noi  a  result  of  these  vanations. 

.After  initial  acetate  fomiulaiion.  the  solution  w.is  scparaied 
into  bulk  and  thin  film  portions.  The  bulk  portion  was 
cciprecipitated  in  a  high  speed  blender  with  oxalic  acid  ,ind 
methanol  and  then  vacuum  dried  at  "'(f'C  to  produce  a  solid,  fnahle 
cake.  The  cake  was  crushed-  calcined  at  .■'OO'T'  for  x  hours  .md 
milled  in  trichloroethylene  for  6  hours  to  produce  a  PI  /'T  oxide 
powder  Typically.  lIKlg  ot  powder  was  produced  for  hoi  pressing. 
Hot  pressing  conditions  were  12lH)"C'  for  4  hours  at  14  .MPa,  To 
prepare  samples  for  electneal  measurement,  the  hot  pressed  parts 
were  sliced  on  a  diamond  saw  and  lapped  to  l),:i  mm  (20  mill 
thickness.  Klectroless  nickel  electrodes  were  plated  onto  the 
sanivles. 

F-or  thin  film  production,  a  small  portion  uisually  5gi  of  the 
acetate  solution  was  decanted  and  diluted  with  methanol  at  a  2;1 
ratio  by  weight.  The  solution  was  spun  onto  silver  foil  substrates 
using  a  photoresist  spinner  at  20(K)  rpm  for  15  seconds,  allowed  lo 
ilry  lor  15  seconds  ,ind  pyrolyzed  .ii  tor  4  mimites 

Repeating  this  process  for  II)  l.iiers  jirodiiced  a  PI. Z  T  thin  lilin 
approximately  iVd  urn  thick.  For  measurement  ol  eiectnc.ii 
properties,  ci'pper  eleciriKies  were  .ijiplied  to  the  mrt.ice  of  the 
films  vi.i  v.icuiim  ei-iporaiion.  This  procesi  .illowed  tor  the 
fabricauon  of  both  hulk  and  thin  film  materials  from  the  same  hatch 

Measurements 

Bulk  and  thin  lihn  samples  were  analyzed  using  leier.ii 
electrical  and  physical  measurement  technii|iies.  The  dielectric 
properties  (virgin  and  poled  capacitance  and  dissipation  laetor i 
were  measured  on  hulk  and  thin  film  lamples  using  .i  Leader  L('R 
meter  at  a  measuring  frequency  of  1  kHz.  Polanz.nion  iPi  n 
electnc  field  (Ei  hysteresis  loops  were  also  measured  tm  both 
matenals.  The  bulk  samples  were  measured  using  a  .S.niier-Tower 
circuit  with  a  dc  .ipplied  voltage  of +1400  V.  The  liisiereiis  kxips 
•V  m  plotted  with  a  Goerz  .Metrawait  .\-Y  plotter  Hysteresis 
loops  of  the  thin  film  samples  were  customanly  me.isured  using  ,i 
bO  Hz  .Saivyer-'rower  eirciiit  and  an  oscilloseope  readout;  however, 
in  order  to  more  accurately  compare  me.isiirement  of  bulk  and  him 
hysteresis  loops,  the  thin  films  were  also  measured  using  ,i  low 
voltage  (+.'0-50  V)  dc  looper 

The  Curie  temperature  of  bulk  samples  was  deiennmed  for 
several  Pl.ZT compostnons.  Bulk  samples  were  placed  in  a  stirred 
oil  bath  and  heated  while  taking  capacitance  and  loss  tangent 
measurements  at  increments.  The  Curie  temperature  was 
indicated  by  a  maximum  in  the  measured  capacitance.  .X-ray 
diffraction  .inaiysis  was  also  performed  on  bulk  and  thin  film 
samples  using  a  Scintag  XDS  2(X)()  diffractometer  with  Cu  K-alpha 
radiation. 
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RcMilts  .iiiii  Dist:ubsion 

Se\cr;il  coniposiiions  were  chosen  tor  study  near  phase 
boundaries  ui  the  PLZT  sssiein.  The  morphotropic  phase  boundary 
coinposinons  sonsisied  ot  2/55/45,  2/53/47  and  2/51/49  which 
regularly  exhibit  t'erroelectnc  memory  behavior.  Compositions 
approaching  and  eiuenng  the  paraelectnc  phase  region  with  65/35 
Zr/Ti  ratios  included  those  w  ith  6,  7,  8,  9,  9.5  and  10%  La.  These 
matenais  typically  are  memory  matenals  at  6%  La  and  range 
toward  slim-lixip  t'erroelectnc  matenals  in  the  9  to  10%  La  range. 
Hot  pressed  hulk  ceramics  and  spin  coated  thin  films  on  Ag  foil 
subsiiates  were  fabricated,  and  a  comparison  tif  properties  was 
established. 

Dielectric  Propenies 

Dielectric  and  ferroelectric  properties  are  listed  for  bulk  and 
thin  film  samples  in  Table  1  including  virgin  and  poled  dielectnc 
constants  for  each.  .-Xs  expected,  thin  f'lm  dielectnc  constants  were 
generallv  lower  than  their  hulk  counterparts.  These  effects  have 
prev  lously  been  reported  to  be  due  to  several  effects  caused  by  the 
obvious  tiifferences  between  bulk  and  thin  film  configurations 
including  small  gram  size  of  the  thin  films,  mechanical  clamping 
effects  ,ind  voltage  sensitivity  of  the  dielectnc  measurement  due  to 
the  high  electric  field  applied  to  a  <1  um  thin  film,-  The  difference 
in  dielectric  properties  found  m  the  present  results,  however,  was 
not  as  significant  as  thtii  reported  earlier. 

In  companng  bulk  dT  La  samples  to  thin  films,  some 
similarities  and  differences  were  noted.  Unsurprisingly,  both  bulk 
and  thin  film  data  showed  maxima  in  K^ir  and  Kpy|  at  the  2/53/47 
composition  indicating  the  existence  of  the  morphotropic  phase 
boundary  near  this  composition,  although  the  position  of  the 
boundary  for  the  thin  films  seemed  to  be  slightly  different  than  that 
of  the  bulk  samples,  Kp,,|  and  Kv,,-  for  2/51/49  thin  films  was 
essentially  eviual  to  that  of  2/55/45  films,  while  bulk  2/51/49  had  a 
much  greater  poled  dielectnc  constant  than  bulk  2/55/45.  This 


result  suggested  that  thin  films  and  bulk  ceramics  did  not  behave 
equivalenilv  near  the  morphotropic  phase  boundarv  since  the 
dielectnc  constant  was  expected  to  peak  at  this  boundary  A 
comparable  result  occured  for  x/65/35  compositions  when  the 
paraelectnc  phase  boundary  was  encountered.  The  dieiectnc 
constant  was  expected  to  reach  a  maximum  at  this  phase  boundary 
which  was  previously  reported  at  the  9/65/35  composition  tor 
mi.xed  oxide  prtxiesses.'  Though  both  bulk  and  thin  film  samples 
seemed  to  have  maximum  dielectnc  constants  at  the  9.5/65/35 
composinons,  the  9/65/35  thin  films  were  closer  to  9.5/65/35  than 
the  bulk.  Note  the  occurance  of  the  high  Kp^i  for  the  8/65/35  bulk 
sample  despite  the  lower  shown  by  this  .sample.  The  bulk 
ceramics  demonstrated  a  larger  difference  in  dielectnc  constants 
between  the  9  and  9.5/65/35  compositions  Additionally,  the  thin 
film  6/65/35  composition  revealed  a  higher  dielectnc  constant  than 
the  bulk  6/65/35.  These  results  would  suggest  that  bulk  and  thin 
film  samples  showed  dissimilar  behavior  also  near  the  paraelectnc 
phase  boundary. 

As  mentioned  above,  the  expected  maximum  dielectnc 
constant  for  x/65/35  bulk  ceramics  produced  via  mixed  oxide 
processes  was  9/65/35;  however,  the  results  in  Table  1  for  the 
chemical  process  generally  indicate  a  maximum  at  the  9.5/65/35 
composition.  Furthennore.  the  dielectnc  constants  for  all  of  these 
compositions  were  higher  than  values  reported  for  mixed  oxide 
processes.  '  These  results  could  possibly  be  explained  by  realizing 
the  type  of  process  used  ni  this  study  for  fabneating  bulk  ceramics 
and  thin  films;  i.e.  thoroughly  mixed  acetate  precursor  solutions  to 
produce  chemically  derived  powders  and  thin  films.  This  process 
may  provide  improved  mixing  of  components  which  could  slightly 
alter  stoichiometry  in  the  bulk  and  thin  film  samples--  especially 
Zr/Ti  ratio  and  dispersion  of  the  La  dopant  in  PLZT.  This  could 
have  produced  higher  dielectnc  constants  and  shifted  the  maximum 
in  dielectric  constants  of  these  matenals  to  9,5%  La.  In  order  to 
explore  this  supposition.  Curie  temperatures  of  bulk  x/65/35 
samples  were  measured  and  are  shown  in  Table  2  and  Figure  1 
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Table  1 .  Elecmcal  propenies  of  PLZT  bulk  ceramics  and  thin  films. 
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Figure  1  Curie  temperature  measurements  of  bulk  x/65/35 


Table  2.  Curie  temperatures  of  PLZT  x/65/35  bulk  ceramics. 


Composition 

Tc- 

7/65/35 

140 

8/65/35 

100 

9/65/35 

70 

9,5/65/35 

65 

10/65/35 

60 

The  Curie  temperatures  measured  were  consistently  10°C  lower 
than  previously  reported  for  bulk  samples  produced  by  a  mixed 
oxide  process. 3  This  result  further  emphasizes  the  possibility  that 
the  stoichiometries  of  the  chemically  prepared  materials  presented 
here  were  slightly  different  than  the  mixed  oxide  materials. 


Crystallinity 


X-ray  diffraction  patterns  of  thin  film  8/65/35  and  bulk 
8/65/35  samples  are  shown  in  Figures  2a  and  2b,  respectively,  and 
d-spacings  are  labeled  for  the  PLZT  peaks.  Due  to  their  greater 
intensities,  the  three  Ag  substrate  peaks  labeled  on  the  thin  film 
pattern  masked  three  PLZT  film  peaks  expected  at  the  same  angles. 
The  thin  film  sample  produced  lower  intensity  PLZT  peaks  than  the 
corresponding  bulk  sample.  This  could  be  a  result  of  the  thin  film 
having  either  a  lower  degree  of  crystallinity  than  the  bulk  sample  or 
simply  a  smaller  quantitiy  of  material  being  analyzed  by  the 
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and  (B)  bulk  ceramic.  D-spacings  are  in  angstroms. 


diffractometer.  In  analyzing  the  lattice  spacings  of  the  matenals,  it 
was  found  that  the  thin  film  d-spacings  were  slightly  larger  than  in 
the  bulk  material.  Watanabe  et  al.^  proposed  that  mecha  .cal  stress 
present  in  PZT  thin  films  caused  by  lattice  or  themial  expansion 
mismatch  between  the  film  and  the  substrate  can  cause  differences 
in  lattice  constant  between  bulk  and  thin  film  matenals.  This  may 
be  the  cause  of  the  difference  in  d-spacing  observed  here  The 
increase  in  d-spacing  for  the  thin  films  is  quite  small  - 
approximately  0.6  to  1%  between  the  bulk  and  thin  film  samples. 
An  absence  of  larger  differences  in  d-spacings  could  be  aiinbuted  to 
the  Ag  siibsiraies  used  which  arc  quite  ductile  and  may  allow  the 
films  to  be  relatively  stress  free  compared  to  films  fabncaied  on 
more  rigid  substrates  (i.e.  Si,  sapphire,  .MgO), 

Ferroelectric  Properties 

The  ferroelectric  propenies  calculated  in  Table  1  were  taken 
from  the  P  vs.  E  hysteresis  loops  shown  in  Figures  As  stated 
above  in  the  discussion  of  dielectric  propenies,  both  bulk  and  thin 
film  matenals  indicated  a  transition  across  the  morphotropic  phase 
boundary.  This  transition  was  also  evident  in  the  hysteresis  loops 
of  the  materials.  In  the  bulk  materials,  the  transition  was  obvious 
with  a  widening  of  the  hysteresis  loop  signaling  the  emergence  of 
the  tetragonal  phase  in  the  2/51/49  matenal.  This  phenomenon, 
however,  did  not  occur  in  the  ihin  film  samples.  The  tetragonal 
phase  was  evident  in  the  dc  hysteresis  loops  of  the  thin  films  by  a 
slightly  more  square  hysteresis  loop  for  2/51/49  than  for  the 
rhombohedral  2/55/45  film.  The  phase  transition  was  apparent  in 
both  ac  and  dc  hysteresis  loops  of  the  films  by  a  rise  in  remanent 
polarization  in  the  2/53/47  film.  Previous  work  mentioned  that  thin 
films  have  a  low-er  Pr  and  higher  than  bulk  materials  for  reasons 
similar  to  differences  in  dielectric  properties  mentioned  above  (grain 
size,  clamping,  voltage  sensitivity).-  Although  the  thin  films 
presented  here  with  2%  La  had  a  higher  E^,  the  Pr  of  ihe.se  films 
was  not  necessarily  lower  than  for  bulk  matenals,  In  fact.  2/53/47 
and  2/51/49  films  had  a  higher  Pr  than  bulk  samples  of  the  satne 
composition.  Again,  as  with  dielecinc  properties,  the  fcrroelecinc 
properties  of  the  thin  films  seemed  to  be  different  across  the  phase 
boundary  than  the  bulk  ceramics.  This  was  also  the  case  for 
x/65/35  materials. 

In  PLZT  bulk  x/65/35  samples,  the  hysteresis  kxips 
obtained  were  similar  to  those  expected  for  these  compositions. 
The  remanent  polarizations  and  coercive  fields  calculated  were 
lower  than  reported  mi.xed  oxide  values^  and  this  can  possibly  be 
attributed  to  the  difference  in  processing  between  the 
coprecipitation  and  mixed  oxide  processes  as  discussed  above.  As 
anticipated,  the  6,  7  and  8^F  La  materials  were  memory  materials, 
and  the  9.  9.5  and  10%  La  materials  were  slim-loop  materials.  For 
the  memory  materials.  Ep  was  higher  and  Pr  was  lower  for  thin 
films  than  for  bulk  materials  which  was  similar  to  previously 
reported  results.-  Although  both  bulk  and  thin  film  memory 
matenals  experienced  narrowing  of  their  hysteresis  loops  with 
increasing  %La.  the  bulk  materials  transformed  to  slim-loop 
matenals  at  9%  La,  while  the  thin  films  maintained  ferroelectric 
memory  hysteresis  loops  beyond  9%  La.  Research  by  Gu  et  al.^  on 
quenched  PLZT  9,5/65/35  ceramics  showed  that  internal  stresses 
induced  in  quenched  samples  can  enhance  polar  region  ordering  and 
produce  a  more  ferroelectric-like  response.  This  produced  higher 
remanent  polarizations  in  quenched  samples  than  in  annealed 
samples.  These  findings  could  explain  the  memory  behavior 
observed  in  the  9,  9.5  and  10/65/35  thin  films  in  this  study. 
Residual  stresses  in  the  thin  films  which  could  have  produced  the 
differences  in  d-spacings  discussed  above  may  have  caused  these 
films  to  retain  ferroelectric  memory  hysteresis  loops  that  were  not 
observed  in  the  bulk  materials  of  the  same  compositions. 
Nevertheless,  thin  film  behavior  again  differed  from  bulk  ceramic 
behavior  near  the  paraelectric  phase  boundary. 
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materials  including  (A)  dc  kx)ps  of  bulk  ceramics, 

(B)  dc  loops  of  thin  films  tind  (C)  ac  loops  of  iliin  films. 


■Summary  and  Conclusions 

PLZT  bulk  ceramics  and  thin  films  were  fabricated  from  the 
same  acetate  precursor  solutions  in  order  to  minimize  batching 
variations  and  accurately  compare  properties  between  bulk  and  thin 
film  .samples  of  the  same  compositions.  It  was  found  that  materials 
near  the  morphotropic  phase  boundary  with  2%  La  differed  in 
behavior.  Maximum  dielectric  constants  were  found  at  2/53/47  for 
both  materials;  however,  the  bulk  2/5 1/49  had  a  proportionally 
higher  dielectric  constant  than  the  thin  film  when  compared  to  their 
respective  2/55/45  samples.  The  hysteresis  loops  of  the  bulk 
samples  indicated  a  transitUtn  to  a  tetragonal  phase  with  a  widening 
of  hysteresis  loops  (increased  E^,  decreased  Pr).  Thin  films  also 
indicated  a  transition  but  with  a  maximum  in  Pr  for  the  2/53/47 
composition. 

Bulk  x/65/35  materials  behaved  as  expected  with  the 
exception  of  slightly  lower  Curie  temperatures,  coercive  fields  and 
remanent  prolarizations  and  slightly  higher  dielectric  constants  than 
previously  reported.  The  6,  7  and  8/65/35  materials  produced 
memory  hysteresis  loops,  and  the  9,  9.5  and  10/65/35  materials 
produced  slim  hysteresis  loops.  The  thin  film  memory  loops  were 
somewhat  thinner  than  the  bulk  memory  loops,  and  continual 
narrowing  of  the  Itxrps  occurred  toward  the  paraelectric  phase 
boundary;  however,  slim-loop  ferroelectrics  were  never  completely 
achieved  in  the  thin  film  materials.  X-ray  diffraction  analysis 
showed  that  thin  film  lattice  spacings  were  only  slightly  greater  than 
the  corresponding  bulk  spacings  as  indicated  by  diffraction  peaks 
slightly  shifted  in  diffraction  angle  between  the  two  materials. 

This  comparison  of  bulk  and  thin  film  ferroelectrics  is 
believed  to  be  an  accurate  comparison  of  properties  caused  only  by 
the  inherent  differences  in  configuration  between  bulk  ceramics  and 
thin  films.  It  is  believed  that  the  current  process  used  to  fabricate 
these  materials  is  one  in  which  complete  mixing  of  precursors  and 
accurate  batching  of  materials  provided  a  minimization  of  batching 
differences  that  could  cau.se  serious  variations  in  composition  and 


properties  of  bulk  and  thin  film  PLZT  ferroelectncs.  Hence,  this 
process  provided  a  valid  comparison  between  these  materials. 
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Pl.ZT  thin  films  have  been  deposited  on  various  substrates,  particularly  on  amorphous  Si02,  and 
on  Si,  or  GaAs  with  a  buffer  layer  such  SiOj,  Regardless  if  the  substrate  is  single  crystal  or 
not,  many  films  are  highly  oriented  with  one  of  the  llOOJ,  or  [llO],  or  [111]  direction  normal  to 
the  substrate  surfaces.  Depending  on  the  PLZT  composition,  substrate  material  and  deposition 
conditions,  there  are  ten  different  film  categories:  For  the  distorted  perovskite  (cubic, 
tetragonal,  or  rhombohedral)  structure,  (1)  single  crysal  film;  (2)  quasi  single  crystal  film;  (3) 
orientationally  locked  epitaxial  film;  (4)  uniaxially-oriented  film  with  unique  crystallographic 
direction  normal  to  substrate  surface;  (5)  polycrystalline  film;  and  for  other  crystal  structures: 

(6)  highly  oriented  film  with  the  pyrochlore  crystal  structure;  (7)  polycrystalline  film  with  the 
pyrochlore  crystal  structure;  (8)  amorphous  film;  (9)  film  showing  perovskite,  pyrochlore,  and 
amorphous  structures;  and  (10)  film  showing  different  phases.  Among  these  films  the  most 
interesting  ones  are  the  highly-oriented  films  deposited  on  amorphous  SiOs  substrate  because  of 
the  possibility  of  monolithic  integration  of  integrated  optical  thin  film  devices  onto  Si  and  GaAs 
with  a  non-lattice  matched  buffer  layer  of  SiOj,  the  best  optical  transparent  material  for 
waveguiding  and  integrated  optics.  Since  there  is  no  lattice  matching  condition  between  the 
film  and  the  amorphous  substrate,  if  is  very  interesting  to  know  the  growth  condition  at  the 
interface.  Crystal  structure,  grain  size,  morphology,  composition,  and  symmetry  of  the  thin 
film  on  SiOj  have  been  studied  using  a  JEOL  2000FX  and  a  JEOL  4000FX  transmission 
electron  microscope  systems  and  interesting  results  have  revealed  that  1)  very  large  single  crystal 
grain  up  to  2  pm  in  size,  with  the  [100]  direction  normal  to  the  substrate  surface  are  frequently 
grown  on  amorphous  substrate;  and  2)  clusters  of  orientationally-locked,  highly-oriented  grains 
are  also  frequently  formed  on  amorphous  substrate.  These  interesting  but  unusual  thin  film 
growth  behavors  will  be  discussed. 


INTRODUCTION 

PLZT  thin  films  have  been  deposited  using  sputtering  method  on 
various  substrates  including  SiOj,  Si,  GaAs,  AljOs,  MgO,  stainless 
steel,  Pt,  etc.,  and  SiOj,  Si,  or  GaAs  with  a  buffer  layer  such  as 
SrTiOj,  InaOs-SnOj,  Pt,  Ti/Pt  and  PLT  (I).  Regardless  if  the 
substrate  is  single  crystal  or  not,  many  films  are  highly  oriented 
with  one  of  the  [100],  or  (HO),  or  [111]  direction  normal  to  the 
substrate  surfaces.  Depending  on  the  PL  ZT  composition,  substrate 
material  and  deposition  conditions,  there  are  ten  different  film 
categories.  We  will  describe  these  ten  different  films  only  briefly 
but  concentrate  mainly  on  the  film  deposited  on  fused  silica 
substrate  because  of  its  importance. 

For  the  distorted  perovskite  (cubic,  tetragonal,  or  rhombohedral) 
structure,  the  following  films  have  been  and  can  be  deposited; 

(1)  Single  crysal  film:  Using  a  lattice  matched  PLZT  9/65/35 
wafer  as  substrate  w'ilh  the  wafer  surface  optically  polished  and 
slightly  etched  in  very  dilute  HF  solution,  it  is  possible  to  deposite 
single  crystal  film  of  the  size  of  8  pm,  the  average  grain  size  of 
the  PLZT  wafer, 

(2)  Quasi  single  crystal  film;  Using  a  nearly  lattice  matched  MgO 
or  SrTiOj  single  crystal  substrate,  it  is  possile  to  deposit  large 
single  crystal  with  a  lot  of  strain,  stress  and  defects  due  to  both 
lattice  and  thermal  expansion  mismatch.  This  is  because  the 
lattice  mismatch  between  PLZT  film  and  the  substrate  is  about 
5%,  whHe  the  maximum  strain  PLZT  material  can  tolerate  is  about 
3%. 

(3)  Orientationally  locked  epitaxial  film;  Highly  oriented  PLZT 
films  deposited  on  MgO  or  SrTi03  single  crystal  substrate  are 
likely  to  be  orientationally  locked  also.  Grain  and  grain 
boundaries  may  be  formed  due  to  the  lattice  and  thermal 
expansion  mismatch.  Grain  size  may  be  larger  than  a  few  pm. 

(4)  Uniaxially-oriented  film  with  a  unique  crystallographic 
direction  normal  to  substrate  surface:  Highly  oriented  film  with 
the  unique  [100],  or  [110],  or  [111]  direction  normal  to  the 
substrate  surface.  The  substrates  can  be  fused  silica, 
polycrystalline  (100),  or  (110)  highly-oriented  SrTi03  film  of  1000 
X  thick,  polycrystalline  ITO  film  of  1000  X,  poWcrystalline  (111) 
highly-oriented  Pt  or  Pt/Ti  film  of  1000  A,  single  crystal 
substrates  such  as  Si(lOO),  Si(lll),  Si(llO),  GaAs(lOO), 


AhOjfOOOl),  Al2O3(li02),  etc.  Although  lattice  mismatches  are 
very  large  in  above-mentioned  substrates,  orientationally-locked, 
highly  oriented  films  can  be  obtained  frequently.  Grain  size  in 
the  film  may  be  a  few  hundred  X  up  to  2  pm. 

(5)  Polycrystalline  film:  This  is  the  type  of  film  reported  in  most 
publications.  In  such  film,  most  of  the  (100),  (110),  and  (III) 
peaks  would  show  up  in  powder  x-ray  diffraction  pattern.  Our 
experience  is  that  these  films  have  much  inferior  optical  quality 
with  large  scattering,  attenuation,  etc.  than  that  in  highly-oriented 
films.  Researchers  obtained  this  kind  of  films  because  their 
deposition  parameters  such  as  deposition  rate,  gas  mixture,  flow 
rate,  substrate  temperature,  etc.  were  not  optimized. 

For  other  crystal  structures,  the  following  films  have  been  and  can 
be  deposited; 

(6)  Highly-oriented  film  with  the  pyrochlore  crystal  structure:  It  is 
easy  to  deposit  a  pyrochlore  structured  film  with  the  [100] 
direction  normal  to  the  substrate  surface  providing  that  the 
deposition  conditions  are  the  same  as  that  for  depositing 
perovskite  structrued  film  but  the  substrate  temperature  should  be 
kept  lower.  Fused  silica  substrate  is  useful  for  obtaining  highly- 
oriented  pyrochlore  structured  film  consistently. 

(7)  Polycrystalline  film  with  the  pyrochlore  crystal  structure:  In 
this  film  all  the  pyrochlore  peaks  would  show  up  in  the  powder  x- 
ray  diffraction  pattern.  Again,  researchers  obtained  this  kind  of 
film  because  their  deposition  parameters  were  not  optimized. 

(8)  Film  showing  perovskite,  pyrochlore,  and  amorphous 
structures:  This  poor  film  usually  indicates  that  the  substrate 
temperature  is  still  not  high  enough  and  the  deposition  parameters 
are  not  optimized. 

(9)  Amorphous  film:  When  the  substrate  temperature  is  too  low, 
only  amorphous  film  can  be  obtained.  However,  it  is  possible  to 
deposite  amorphous  film  of  good  optical  quality  because  there  is 
no  crack  in  the  film, 

(10)  Film  showing  different  phases:  This  kind  of  film  is  caused  by 
an  unsteady  or  disturbed  plasma  discharge  in  the  deposition 
chamber.  Also  the  substrate  temperature  may  be  not  uniform. 

Among  these  films  the  most  desired  "'ilm  should  be  large  single 
crystal  but  it  is  difficult  to  deposite  it  mainly  due  to  the  lattice 
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mismatch  problem.  K\en  It'  a  proper  substrate  can  be  used,  the 
cost  is  likely  sery  e.xpensise.  The  ne.\t  choice  would  be  the 
epitaxial  film  but  the  cost  of  single  crystal  substrate  is  still  a 
problem.  For  practical  purpose,  Si  and  GaAs  ate  the  only  two 
substrates  with  potential  for  monolithical  integration.  Since  the 
lattice  mismatch  between  PLZT  and  Si  or  GaAs  is  more  than  25% 
and  the  refractive  index  of  Si  and  GaAs  is  higher  than  PLZT,  it  is 
necessary  to  use  a  buffer  layer.  It  is  natural  to  use  Si02  as  a 
buffer  layer  not  only  because  fused  silica  is  more  economic  but 
also  because  of  the  monolithic  integration  of  Si02  or  its  device 
onto  Si  and  Ga.As  substrate  is  a  rather  mature  technology. 
Althouth  there  is  non-lattice  matching  between  crystalline  PLZT 
and  amorphous  SiOj,  the  question  now  is  why  large  grain, 
orientationally  locked,  highly  oriented  PLZT  film  can  be  deposited 
on  fused  silica?  We  may  not  answer  this  question  now  but  we  will 
first  provide  hard  evidence  in  this  paper. 

We  have  used  TEM  to  study  the  growth  condition,  crystal 
structure,  grain  size,  morphology,  composition,  and  symmetry  of 
PLZT  films,  because  all  these  properties  are  very  important  for 
the  understanding  of  optical  scattering,  attenuation,  and  optical 
nonlinearity  in  PLZT  thin  film  optical,  nonlinear  optical,  and 
waveguide  dev  ices. 


EXPERIMENTAL  RESL'LTS  AND  DISCUSSION 

PLZT  films  of  the  composition  28 '0/100,  about  4500  A  thick, 
were  deposited  on  fused  silica  substrate  (Optosil  1,  Optosil  11,  or 
T08  from  Amersil  Inc.)  or  onto  Si(lOO)  substrate  with  a  SiOa 
buffer  layer  of  2  thick  thermally  grown  on  the  Si  surface. 
The  substrate  temperature  was  400  C  and  the  deposition  method  is 
rf  magnetron  sputtering  [2].  Two  different  types  of  TEM  samples 
were  prepared;  (1)  Thin  film  foil  parallel  to  the  film  surface  for 
studying  the  film  properties,  and  (2)  Thin  cross-sectional  foil 
prepared  by  stacking  several  PLZT/SiOj/Si  or  PLZT/Si02  samples 
together  using  epoxy  and  then  sliced  the  stack  perpendicular  to 
the  film.  All  TEM  foils  were  polished  to  desired  thickness  using 
standard  Ar  ion  milling  perforation  method.  A  few  PLZT 
7/0/100  films  of  900  ^  thick  were  also  deposited  directly  onto 
pure  Si(lOO)  substrate.  TEM  PLZT  7/0/100  sample  were  obtained 
by  totally  dissolving  Si  away  and  collecting  the  remaining  PLZT 
films  in  a  warm  KOH/water  solution.  Film  debris  larger  than 
2mm  X  2mm  could  be  easily  collected  and  scooped  onto  meshed 
or  pinholed  TEM  copper  or  Be  sample  disks  for  TEM  study.  The 
films  were  cleaned  thoroughly  by  acetone  and  acohol. 

TEM  studies  were  performed  at  various  different  times  using  the 
JEOL  2000FX  TEM  system  at  the  University  of  New  Mexico  for 
studying  the  film  itself  and  the  JEOL  4000FX  TEM  system  at 
Belcore  for  studying  the  cross-sectional  structure  at  interface. 
Several  micrographs  and  corresponding  electron  diffraction 
patterns  of  PLZT  28/0/100  and  PLZT  7/0/100  thin  film  samples 
were  obtained.  Figure  1  is  a  bright-field  micrograph  and  its 


Figure  1.  TEM  micrograph  and  electron  diffraction  of  PLZT 
7/0/100  film. 


corresponding  electron  diffraction  pattern  of  a  PLZT  7/0/100  film 
deposited  directly  on  a  clean  Si(lOO)  substrate  (Si  substrate  was 
etched  in  IIF  solution  just  before  it  was  loaded  into  deposition 
chamber,  so  there  might  be  only  very  thin  native  Si02  formed  at 
the  interface  which  may  not  be  dissolved  away  ^  KOH/water 
solution).  In  this  case  the  film  thickness  is  900  A  without  any 
perforation  procedure.  The  micrograph  shows  the  random 
distriution  and  orientation  of  j.iull  PLZT  grains  of  the  size  of 
about  500  A.  From  the  diffraction  pattern  in  the  insert  of  the 
Figure,  the  film  is  a  polycrystalline  commonly  seen  in  many 
published  reports.  Figure  2  is  a  TEM  bright-field  micrograph  and 
the  corresponding  electron  diffraction  pattern  of  a  PLZT  28/0/100 
film  deposited  on  a  SiO2/Si(l00)  substrate.  The  film  is  highly 
oriented  with  the  [1 00)  direction  normal  to  the  substrate  surface. 
The  most  interesting  thing  about  this  Figure  is  that  there  are  many 
grains  having  the  shape  of  square  in  the  sample,  as  can  be  seen 
clearly  in  the  Figure.  These  grains  have  the  size  of  about  2000  to 
5000  X  and  many  of  them  are  clustered  together  as  if  their 
orientation  in  the  plane  of  the  original  substrate  are  all  the  same. 
(The  original  substrate  is  thermally  grown  SiOa  on  Si,  which  has 
been  ion-milled  away).  The  clusters  are  large  in  size  that  it  is 
possible  for  us  to  focus  the  electron  beam  of  the  size  1  /im  in 
diameter  inside  one  cluster  area  and  obtain  a  single-crystal-like 
diffraction  pattern.  For  example,  the  electron  diffraction  pattern 
on  the  upper  left  corner  shows  a  four-fold  symmetry  representing 
the  crystallographic  (100)  diffraction  with  very  little 
containmination.  This  indicates  that  the  beam  was  possibly 
probing  a  "single  crystal"  region  of  the  size  larger  than  1  >im.  It  is 
not  easy  for  us  to  say  for  sure  that  this  large  region  is  indeed  a 
true  PLZT  single  crystal  for  the  following  reason:  Just  about  1  pm 
away  from  the  probed  region,  we  can  see  several  large  clusters 
consisting  of  square-shaped  grains,  and  the  grains  in  each  cluster 
are  all  "aligned"  in  one  direction  in  the  plane  of  the  film.  Thus 
we  conclude  that  not  only  the  surface  normal  of  the  grains  in  one 
cluster  has  the  [100]  orientation  but  also  that  all  the  grains  in  the 
cluster  are  orientationally  locked  in  the  plane  with  ’■espect  to  the 
original  SiOz  substrate  surface  so  that  a  clean,  almost  pure  four¬ 
fold  symmetry  diffraction  pattern  was  observed. 

Figure  3  shows  several  TEM  micrographs  on  cross-sectional  views 
of  PLZT  28/0/100  deposited  on  Optosil  I  or  SiOa/SidOO) 
substrate.  The  acceleration  voltage  for  the  JEOL  4000FX  system 
was  400  KV  and  the  beam  aperature  was  I  pm.  Both  bright  and 
dark  field  and  double  exposure  techniques  have  been  employed. 
From  the  figures  it  Is  clear  that  (I)  The  size  of  some  individual 
region  (grain  or  cluster  of  grains)  is  large,  larger  than  1  up  to  2 
pm,  but  t!  ese  region  contains  some  defects  and  possibly  stress  and 
strain  because  the  image  inside  each  individual  region  is  not 
homogeneous  or  uniform.  Several  corresponding  electron 
diffraction  patterns  of  these  grains  or  regions  show  clean 
diffraction  patterns  suggesting  that  they  are  very  similar  to  single 
crystal  in  nature.  But  some  other  patterns  occationally  do  show 
two  or  more  single  crystal  diffraction  patterns  superimposed 
closely  on  top  of  each  other,  suggesting  that  there  are  several 
grains  in  that  region,  and  each  grain  makes  a  small  angle  with 
another  grain.  This  suggests  that  small  angle  grains  and 
boundaries  exist  in  our  films.  On  a  higher  magnification,  it  can 
be  seen  that  the  single-crystal-like  region  become  more  and  more 
defective  when  the  film  is  closer  to  the  PLZT/SiOz  interface.  It 
can  also  be  seen  that  the  interface  boundary  line  in  most  samples 
are  very  sharp  to  within  about  100  A,  which  is  also  about  the 
surface  roughness  of  the  thermally  grown  SiOz  surface.  By 
analyzing  our  micrographs  it  seems  that  there  is  no  strong 
evidence  that  there  might  be  any  second  phase  at  the  PLZT/SiOa 
interface  to  within  our  resolution  of  20  to  30  X.  In  order  to  find 
out  whether  there  is  any  second  phase  or  not,  it  is  necessary  to  use 
a  TEM  with  much  higher  magnification  and  resolution  and  to 
study  the  crystal  structure  and  chemical  composition  in  both  PLZT 
and  Si02  regions  to  within  30  X  from  the  interface. 


CONCLUSIONS 

Orientationally  locked,  highly  oriented  PLZT  films  have  been 
deposited  on  amorphous  SiOz  substrates.  Large  single  crystal 
grains  or  cluster  of  grains  up  to  2  pm  in  size,  with  the  [100] 
direction  normal  to  thin  film  surface  are  frequently  grown  on  SiOz 
substrates.  The  film  structures  are  examined  and  reported  in  this 
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Figure  2.  TEM  micrograph 

and  electron  diffraction  of 
PLZT  28/0/100  film. 


Figure  3(b).  TEM  cross-sectional  micrograph  of  PLZT  28/0/100 
film  and  SiOj  substrate.  X30K. 


Figure  3(c).  TEM  cross-sectional  micrograph  of  PLZT  28/0/100 
film  and  SiOj  substrate.  XIOOK. 
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work  by  using  TEM  methods. 

Figure  3(d).  TEM  cross-sectional  electron  diffraction  pattern  of 
PLZT  28/0/100  film  and  SiOj  substrate  showing  large  single 
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ABSTRACT 

Thin  films  of  barium  strontium  titan;ite  including  BaTiO, 
and  SrTiO,  end  members  were  deposited  by  multi-ion-beam 
reactive  sputtering  (MIBERS)  technique  using  alkaline  earth 
oxides  (BaO  and  SrO)  and  Ti-metal  targets.  The  MIBERS 
technique  showed  convenient  and  flexible  control  of  the  film 
compc.sition' .  The  di^'lectri''  (■I'nsninic  of  the  films  deposited  on 
Pt-coated  Si  substrates  showed  thickness  dependence.  A 
dielectric  constant  of  219at  UK)  KHz  was  found  for  1.2  ton  thick 
films.  Charge  storage  density  of  15  fC/um"  at  5  volt  and  leakage 
current  density  of  5.8  trA'cm’  at  an  electric  field  of  0.1  MV/cm 
can  be  obtained  for  0..1  thick  films  and  are  suitable  for  the 
application  of  64  Mb  dynamic  random  access  memories 
(DRAM).  However,  a  chiirge  storage  density  of  >.10  fC/um‘  is 
achievable  provided  that  some  extrinsic  factors  which  lowe.'-ing 
the  overall  dielectric  constant  can  be  eliminated,  and  can  be 
used  for  higher  memory  density  DRA.Ms.  Thin  interface  layers 
were  likely  present  between  film  and  silicon  substrate  in  the  case 
of  metal-insulator-silicon  configuration.  The  overall  results 
showed  that  barium  strontium  titaniite  thin  films  by  multi-ion- 
beam  reactive  sputtering  technique  are  suitable  candidates  for 
DRAM  applications. 

I.  Introduction 

Ferroelectric  materials  are  well  recognized  to  be  the 
promising  capacitor  materials  for  ultra  large  .scale  integration 
(ULSI)  dynamic  random  access  memory  (DRAM)  applications, 
especially  for  memory  densities  higher  than  64  Mb'.  The  most 
attractive  advantage  of  ferroelectric  materials  over  conventional 
nitride-oxide  materials  is  that  the  former  have  much  higher  (at 
least  one  order  magnitude)  dielectric  constants.  The  higher 
dielectric  constant  of  ferroelectric  materials  allows  the  capacitor 
remaining  to  be  planar  and  still  maitain  high  enough  charge 
storage.  Thus  the  manufacturing  processes  can  be  dramatically 
simplified. 

Among  numerous  ferroelectric  materials,  barium  strontium 
titanate  (Ba,  ,Sr,TiO,)  is  a  promising  candidate  dielectric 
material  to  be  used  in  ULSI  DRAMs  due  to  its  paraelectric 
phase  (for  x  <  0,7)  at  room  temperature  and  thus  no  aging  and 
fatique  effects.  Besides,  Ba,  ^Sr^TiO,  solid  solution  ceramics  has 
high  dielectric  constant  at  room  temperature  (K— 25(K)  for 
x=0.7)%  low  temperature  coefficient  of  capacitance  and  is  a 
thermally  stable  compound  (compared  with  lead-based 
ferroelectrics).  Barium  strontium  titanate  solid  solution  ceramics 
also  have  low  dissipation  factors  (—0.0015  for  x-0.5)^ 

In  this  paper,  results  on  barium  strontium  titanate  thin  films 
including  end  members  prepared  by  multi-ion-beam  reactive 
sputtering  (MIBERS)  technique  are  reported.  MIBERS  has  been 
successfully  applied  to  the  growth  of  other  ferroelectric 
materials,  such  as  PZT  thin  films'.  Compared  with  other 
sputtering  techniques,  it  has  some  inherent  advantages  such  as 
(a)  independent  control  flux  density  and  energy  of  the  sputtering 
speices  which  allows  greater  flexibility  and  better  control  of 
process,  (b)  lower  operating  pressure  (  —  11)  '  torr)  ensures  better 
quality  of  films,  (c)  the  plasma  is  localized  within  the  ion  sources 
which  are  away  from  target  and  sustrate,  .so  that  the  unwanted 


oiimhardment  is  avoided,  (d)  flexibility  of  the  control  of  the  film 
composition  by  independent  spuiiering  source  for  multi¬ 
component  thin  turn  materiiils  and  (e)  controllable 
bombardment  by  secondary  low  ervas  ion  source  to  assist  thm 
film  growth.  This  technique  was  also  demonstrated  to  have  very 
uniform  thickness  and  composition  over  large  area  and  good 
process  reproducibility.  Details  of  the  MIBERS  technique  have 
been  described  elesewhere'. 

II.  Eixpcrimentals 

Three  focused  Ar''  beams  were  used  to  sputter  a  SrO.  BaO 
and  a  Ti-metal  target  respectively.  The  chamber  was  first 
pumped  down  to  a  base  pressure  ot  —2x11)'’  torr  by  cryopump. 
Then  the  argon  (as  the  precursor  of  Ar*)  w;is  bled  through  the 
ion  guns  and  oxygen  was  bled  into  the  chamber  directly 
(molecular  ratio  of  Ar  O,  was  1 ),  give  rise  to  a  total  pressure 
about  4xl()''  ttirr.  The  SrTiO,  tnin  films  were  deposited  onto 
unheated  Pt-coated  Si  and  bare  Si  substrates.  Figure  1  shows  the 
variation  of  BaTi  and  SrTi  ratio  (by  current  plasma 
spectrochemical  analysis)  with  ion  flux  density,  in  which  the  ion 
beam  voltage  and  current  for  Ti  target  were  kept  at  1 HK)  V  and 
.40  niA  respectively,  and  the  ion  beam  volttige  for  BaO  and  SrO 
target  was  at  9<X)  and  KKK)  V  respectively.  The  linear 
relationship  between  Ba/Ti  or  SrTi  ratio  and  the  ion  beam 
current  for  BaO  and  SrO  targets  provides  convenient  and 
flexible  control  of  the  film  compositions.  The  growth  rates  of 
near  stoichiometric  barium  strontium  titanatethin  films  were 
estimated  to  be  —13  nm/min.  The  deposited  lilms  were 
amorphous,  and  post-deposition  annetiling  by  conventional  oven 
was  performed  in  oxygen  atmosphere  in  order  to  induce 
crystallization.  0.3  mm  diameter  gold  dots  were  deposited  onto 
film  surface  as  top  electrodes.  Low  signtil  dielectric  properties 
and  capacitance-voltage  (C-V)  characteristics  were  measured 
with  HP  4192A  impedance  analyzer.  1-V  characteristics  were 
measured  using  Keiihley  617  ampmeter.  Time  dependent 
dielectric  breakdown  were  measured  by  RT66A  program  of 
Radiant  Technologies. 


Fig.l:  Variation  of  BaTi  and  SrTi  ratio  with  ion  beam  current 
for  BaO  and  SrO  target  respectively. 
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111.  Resuits  and  Discussioiis 

Figure  2  shows  the  x-ray  diftraction  patterns  of  1.2  films 
for  BaTiO,,  SrTiOj  (Ba/Ti  and  Sr/Ti  =  ~1.03)  and 
Bau  ,jSr|,.,^Ti03(BST)  compositions  annealed  at  TOfFC  for  2  hrs. 
No  alkaline  earth  oxides  or  alkaline  earth  rich  titanatc  phases 
were  observed  in  all  films  although  the  alkaline  earth  /Ti  ratio 
are  all  more  than  1.  The  .second  phases  probably  exist  in  the 
form  of  amorphous  phase  or  crystalline  phase  but  undetectable 
by  x-ray  diftraction.  I'he  peaks  of  SrTiO,  are  much  sharper  and 
higher,  which  indicates  much  better  crystallinity  than  that  of 
Ba  l'iO,  for  films  annealed  at  TDO  'C  for  2  hrs.  The  pre.sencc  of 
.second  phase,  if  it  is  a  low  dielectric  constant  material,  will 
affect  the  electric  properties  of  films  which  will  be  discussed 
later.  The  broad  peak  of  BaTiO,  films  may  also  come  from  the 
pseudo-cubic  nature  of  BaTiO,  with  very  fine  grain  size  and 
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Fig.2;  X-ray  diffraction  patterns  of  1.2  jim  films  for  (a)BrTiO„ 

(b)Bai,54Sr„4^TiO,  (c)SrTiO,  annealed  at  700‘'C  for  2  hrs. 

stress  on  grian  boundaries'*.  The  extreinciy  low  intensity  of  the 
BaTiO,  films  also  implies  that  the  crystallization  is  not  as  ea.sy 
as  SrTiO,  films  tit  yod’C  annealing  temperature. 

Figure  .3  shows  the  x-ray  diffraction  patterns  for  1.2  /jm  films 
of  SrTiO,  by  conventional  oven  annealing  at  various 
tempenitures  for  2  hrs.  It  can  be  seen  from  the  relative  peak 
intensities  that  the  crystallinity  improved  with  the  annealing 
temperature.  However,  a  pure  perovskite  phase  was  noticed  in 
films  annealed  at  all  temperatures.  The  subsequent  improvement 
in  crystallization  with  annealing  temperature  may  be  ascribed  to 
the  increase  in  grain  size  as  well  as  reduction  of  second  non¬ 
crystalline  phase.  Often,  the  presence  of  such  second  phase 
strongly  affects  the  electrical  propertie.s,  in  terms  of  the  lowering 
dielectric  constant.  In  the  present  case,  it  was  observed  that  the 
dielectric  constant  of  these  films  measured  at  10(1  KHz  were  81, 
1.3!.  and  219  for  SrTiO,  films  annealed  at  500'’C,  bOff’C  and 
7(M)"C  respectively. 

Figure  4  shttws  the  dielectric  constant  and  dissipation  factor 
as  a  function  of  frequency  for  SrTiO,  films  of  various  thicknesses 
annealed  at  7()0'’C  for  2  hrs.  The  dielectric  con.siants  measured 
at  100  KHz  are  99.  127  and  219  for  films  with  0.3,  0.7  and  1.2 
jam  thickness  respectively.  The  dielectric  constant  increases  as 
film  thickness  increases,  which  is  consistent  with  other  reports  in 
literatures\  Several  reasons  for  lowering  the  dielectric  constants 
with  decreasing  film  thickness  are  possible,  including  surface 
liiyer  effect,  residual  stress  and  structural  inhomogenieties.  The 
surface  layer  effect  may  be  visualized  in  terms  of  an  oxygen 
absorption  layer  on  either  surface  or  grain  boundaries  and/or 
nonstoichiometric  surface  layer'’.  The  stress  resulting  from  the 
different  thermal  expansion  coefficients  between  films  and 
substiaies.  which  are  generally  thickness  dependent,  may  also 
contribute  to  the  thickness  dependence  of  dielectric  behavior. 


For  thin  films  deposited  at  low  substrate  temperatures  (in  this 
case,  at  room  temperature),  liic  structure  ot  the  films  arc 
generally  columnar  structure  and  contain  voids  between 
columnars.  Subsequent  annealing  may  not  eliminate  these  voids. 
The  density  of  voids  increases  as  film  thickness  decreases  and 
thus  the  dielectric  constant  decreases.  However,  these  factors 
need  to  be  separated  to  see  the  individual  effect.  The  dielectric 
constant  of  219  for  1.2  am  Sr'I'iO,  films  is  consistent  with  the 
value  of  220  reported  for  films  by  lon-beam  sputtering  using 
single  target'.  This  value  also  approaches  the  SrfiO,  single 
crystal  dielectric  constant  of  300  measured  at  room  temperature 
and  1  KHz".  It  is  expected  that  the  dielectric  constant  of  thinner 
films  can  reach  ~  220  provided  ihtit  the  films  can  be  mtide 
without  these  factors  which  lowering  the  over;ill  dielectric 
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(flAArtl*) 

Fig.3:  X-ray  diffraction  patterns  for  1.2  urn  SrTiO,  films 
annealed  at  (a)7(H),  (b)f>00,  (c).SO(rc  for  2  hrs. 


Frequency  (KHz) 

Fig.4:  Dielectric  constant  and  dissipation  factor  :is  a  function  of 
frequency  for  SrTiO,  films  of  various  thicknesses. 

constant.  One  of  the  methods  may  be  in-situ  crystallization, 
which,  at  least  can  partly  eliminate  the  surface  effect,  residual 
stress  and  .structure  inhomogeneities.  More  stoichiometric 
composition  of  the  films  is  also  very  important.  No  frequency 
dependent  dielectric  dispersion  was  noticed  and  indicates  the 
absence  of  extrinsic  electnrde  contact  effects’'. 

Figure  5  summarizes  the  dielectric  constants  and  dissipation 
factors  for  BaTiO,,  SrTiO,  and  BST  films  of  various  thickness 
annealed  at  7(XrC  for  2  hrs.  Unlike  SrTiO,  films,  the  dielectric 
constants  do  not  increase  as  film  thickness  increases  from  0.7  to 
1.2  jum  for  BaTiO,  and  BST  films.  This  difference  may  be 
attributed  to  the  less  crystallinity  of  BaTiO,  and  BST  films  as 
can  be  seen  in  x-ray  diffraction  pattern  (Fig.  2).  Miyasaka  et 
al'".  also  reported  that  for  a  given  crystallization  temperature, 
the  degree  of  crystallization  for  SrTiO,  thin  films  reaching  to 
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that  of  bulk  crystal  is  higher  than  that  for  Ba  liO,  by  iii-situ 
crystallization  via  rf-iiiagneiron  sputtering.  Ihe  dielectric 
constant  of  BST  films  for  1.2  jon  thickness  does  not  show 
maxima  in  Ba  riO,-Sr  I'lO,  solid  solutions,  as  reptirted  by 
Miytisaka  et  al.‘",  mainly  due  to  the  incomplete  crystallization  of 
films.  In-situ  crystallization  and  more  stoichiometric  films  are 
needed  to  increase  the  dielectric  constant  of  BS  T  films,  the  work 
on  which  IS  in  progress. 

Typical  C'-V  characteristics  (measured  at  11)0  KHz)  of  both 
MIM  (metal-insulator-mctal)  and  MIS  (metal-insulator-silicon) 
configurations  are  shown  in  Fig.  6  for  0..^  ^m  Sr'TiO,  films  oven- 
annealed  at  700''C  for  2  hrs.  The  C-V  characteristics  of  MIM 
configuration  is  found  to  be  almost  independent  of  bias  voltage 
within  the  experimental  range.  The  absence  of  hysteresis  loop 
iil.so  indiciites  the  paraelectric  nature  of  SrTiO,  films.  The 
charge  storage  density  can  be  calculated  from  this  C-V 
measurement,  ;ind  is  found  to  be  1.5  fC/jim"  at  5  V  for  0.3  jiin 
SrTiO,  thin  films.  The  charge  storage  densities  for  0.7  and  1.2 
Util  films  can  he  siiniK  .ly  ^..icalated  to  be  S.l)  and  6.7  fC7/am'  at 
.“i  V  respectively.  Note  that  the  charge  storage  density  is  not 
inversely  proportional  to  the  thickness,  due  to  the  thickness 
dependetit  of  dielectric  constant.  It  is  expected  that  charge 
storage  density  higher  than  30  fCz/im"  can  be  achieved  provided 
that  the  extrinsic  effects  are  minimized,  such  that  the  dielectric- 
constant  of  the  films  is  improved  to  ~  220.  Although  bulk 
Ba  TiO,  is  ferroelectric  at  room  temperature,  the  C-V 
characteristics  of  BtiTiO,  films  is  similar  with  Fig.  6,  which 
indicates  that  BaTiO,  thin  films  exhibit  very  little  or  no 
ferroelectric  property  under  present  processing  conditions.  The 
C-V  charticteristics  of  SrTiO,  films  in  MIS  structure  resemble 
the  idetil  C-V  curve  of  mctal-SiO,-Si  structure",  except  that 


Fig.5;  Dielectric  constants  and  dissipation  factors  for  BaTiO,. 


Bios  voltage  (V) 

Fig.6:  C-V  characteristics  of  both  MIM  and  MIS  configurations 
for  0.3  /am  SrTiO,  films. 


there  exists  a  hystersis  loop.  T  he  calcul.ilcd  Oat-h.ind  tol'age  is 
small  (~-0..‘s  V')  and  so.  the  hysteresis  may  be  attributed  to  the 
physcial  interface  layer  ellect.  The  jiresencc  ol  such  intert.ice 
layer  can  also  be  realized  when  we  com/taie  the  accumulation 
capacitance  (n,*)  pF)  with  the  value  ot  213  pT  tor  .Ml.M 
configuration  at  0  bias  voltage.  .Although  ihe  crvsiallinitv  (which 
will  affect  the  values  of  dielectric  constants  as  meiuiuned  before) 
ot  SrTiO,  films  iin  Pt-coated  Si  and  bare  Si  may  not  be  the 
same,  the  results  of  X-Ray  ditfractiiin  p.ittern  show  minor 
differences.  The  amorphous  SiO.  between  lilms  anf  Si  substrates 
was  reported  for  RF  magnetron  sputtered"  SrTiO,  and  excimer 
laser  ablated’'  Ba|,.Sr„  ,TiO,  films.  The  SiO,  interlace  layer 
between  films  and  Si  can  be  formed  either  during  de[)ositioii  or 
post-deposition  annealing  proces.ses.  During  deposition.  Si  is  very 
ea.si)y  oxidized  in  the  plasma  environment".  It  we  assume  the 
lowering  of  capaciiance  is  due  to  the  low  dielectric  constant 
(K  =  3.9)  SiO_,  layer  in  series  with  films,  the  thickness  of  this 
layer  can  be  calculated  to  be  —2.“'  A.  which  is  close  to  the  results 
{30  KM'  A)  obtained  by  transmission  eleciion  microscopy  (TFM) 
studies". 

The  I- V  characteristics  ( measured  by  Keithley  6 1 7  ampmeter 
with  metal-shielded  sample  box)  of  SrTiO,  films  with  various 
thickness  is  shown  in  Fig.  7.  If  the  film  qualities  are  the  .same  for 
films  with  different  thickness,  the  three  curves  should  have 
ttverlappcd  and  the  leakage  current  should  he  e  been  line.irly 
inverse  to  film  thickness.  The  slopes  of  the  curves  can  be 
estimated  to  be  I  and  4  for  low  and  high  voltage  region 
respectively.  The  low  voltage  region  (slope=l)  is  ohmic 
conduction,  while  the  conduction  mechanism  may  be  attributed 
to  trap  filled  space  charge  conduction  at  high  field  region,  as  the 
slope  >2  normally  indicates  such  mechanism".  The  slopes 
changed  gradually  from  1  to  —4  for  1.2  ttni  films.  One  can  see 
that  the  behavior  of  0.7  /ini  films  in  Fig.  7  seems  to  be  the 
combination  behavior  of  0,3  and  1.2  /ini  films.  At  low  voltage 
(ohmic  region)  the  conductivity  is  almost  the  same  as  that  ofO..^ 
um  film.s,  while  at  higher  i'ieid.s,  it  swittl/cs  to  the  values  of  1,2 
/im  films.  This  may  imply  that  the  surface  layer  effect  or 
structure  inhomogeneity  mentioned  previously  dominates  the  1-V 
behavior  in  the  ohmic  region,  while  at  higher  fields,  the  effect 
is  deniinished.  The  leakage  current  density  at  electrical  field  of 
0.1  MV/cm  is  calculated  to  be  5.8.  46  and  38  /lA/cm*  for  films 
with  thickness  of  0.3.  0.7  and  1.2  /im  respectively.  Again,  the 
lower  leakage  current  density  m  the  case  of  thinner  films  nitiy  be 
attributed  to  the  higher  density  ot  vok's  fur  those  films. 

Figure  8 shows  the  1-V  laracterisiics  of  0.7  /mi  films  for  the 
three  compositions,  in  which  all  curves  can  be  devided  into  two 


Fig. 7.  f-V  characteristics  of  SrTiO,  films  with  various  thickness. 
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Fig.8:  1-V  characteristics  of  0.7  /im  films  for  the  three 
compositions. 

regimes,  namely,  low  field  (ohmicj  and  high  field  regimes.  The 
leakage  current  of  SrTiOj  films  in  ohmic  regime  is  about  1  order 
of  magnitude  higher  than  BaTiOj  and  BST  films.  The  slope  of 
high  field  regime  for  SrTiOj  films  is  ~4,  while  that  for  BaTiOj 
and  BST  is  ~5.  These  differences  may  be  attributed  to  the 
structure  nature  of  the  films.  As  mentioned  before,  SrTiOj  films 
contain  higher  degree  of  well  developed  crystallines  (although 
contain  some  second  phases  due  to  nonstochiometry),  while 
BaTiOj  and  BST  films  have  lower  degree  of  crystallinity.  The 
well  developed  crystallized  regions  can  be  regarded  as,  to  some 
extent,  stress  and  defect-relaxed  regions.  So,  the  1-V 
characteristics  of  SrTiOj  films  would  behave  more  like  bulk 
materials,  while  that  of  BaTiOj  and  BST  films  is  prevailed  by 
extrinsic  factors  such  as  structure  inhomogeneities.  The 
lower  leakage  currents  for  BaTiO,  and  BST  films  at  ohmic 
regime  maybe  due  to  such  structure  inhomogeneities  such  as 
non-crystalline  phases  (which,  in  general,  has  high  small-  signal 
resistivity).  The  different  slopes  at  high  field  regime  indicates 
that  the  conduction  mechanisms  are  different  for  these  films.  It 
is  well  known  that  the  electric  field  will  develop  mainly  across 
the  low  dielectric  constant  high  resistivity  material  in  composites 
containing  both  high  and  low  dielectric  constant  materials.  The 
steeper  slopes  of  BaTiOj  and  BST  films  at  high  fields  are 
porbably  due  to  the  higher  electric  field  concentration  on  the 
relative  high  defect-containing  amorphous  phases,  causing 
ionization  of  defects  and  thus  high  leakage  current.  This 
argument  can  also  explain  the  relatively  faster  time  dependent 
dielectric  breakdown  (TDDB)  for  BaTiOj  and  BST  films,  in 
comparison  with  SrTiOj  films,  as  shown  in  Fig.  9  where  the  0.3 
irm  films  were  continously  subjected  to  an  electric  field  of  0.5 
MV/cm.  The  TDDB  failure  mode  is  generally  attributed  to  the 
migration  of  charged  defects'*.  The  above  mentioned 
amorphous  phases  are  probably  responsible  for  the  breakdown 
routes  for  the  migration  of  charged  defects,  particularly  in 
BaTiOj  and  BST  films  at  such  high  field. 

IV.  Conclusions 

In  conclusion,  the  barium  strontium  titanate  thin  films  and 
also  the  end  members  with  perovskite  structure  have  been 
successfully  prepared  by  multi-ion-beam  reactive  sputtering 
technique.  The  MIBERS  technique  is  shown  to  provide  flexible, 
control  of  the  film  compositions.  The  dielectric  constants  of 
barium  strontium  titanate  films  showed  thickness  dependent, 
with  higher  dielectric  constants  for  thicker  films.  The  interface 
layer,  deducing  from  the  C-V  characteristics,  exists  between  films 


and  Si  substrates.  The  charge  storage  density  and  leakage 
current  density  of  0.3  ^m  SrTiOj  films  are  in  the  range  projected 
for  64  Mb  DRAM  applications'.  The  electric  properties  of  the 
films  can  be  improved  while  the  extrinsic  factors  lowering  the 
dielectric  constant  are  minimized.  Due  to  the  thickness 
dependence  of  dielectric  constant,  the  thickness  of  the  films  has 
to  be  optimized  for  the  application  of  higher  memory  density 
DRAMs.  The  overall  results  showed  that  barium  strontium 
titanate  thin  films  by  MIBERS  technique  are  suitable  candidates 
for  DRAM  applications. 


Time  (sec) 

Fig.9:  TDDB  curves  of  0.3  ftm  films  for  the  three  compositions. 

ACKNOWLEDGMENT 
This  work  was  supported  by  a  DARPA  contract. 
References 

[1]  L.H.  Parker  and  A.F.  Tasch,  IEEE  Circuits  and  Devices 
Magazine,  p.  17-26,  Jan.  1990. 

(2)  U.  Syamaprasad,  R.K.  Galgali  and  B.C.  Mohantv,  Mater. 
Lett.,  7  [5/6]  197  (1988). 

(3J  S.B.  Krupanidhi,  H.  Hu  and  V.  Kumar,  J.  Appi.  Phys.,  71  [1] 
376-88  (1992). 

(4j  G.  Arlt,  D.  Hennings  and  G.  deWith,  J,  Appl.  Phvs.,  58.  1619 
(1985). 

[5]  C.  Feldman,  J.  Appl.  Phys.,  65,  872  (1989). 

[6]  J.C.  Burfoot  and  J.R.  Slack,  Jpn.  J.  Appl.  Phys.,  28.  Suppl. 
417  (1970). 

[7]  S.  Yamamichi,  T.  Sakuma,  T.  Takemura  and  Y.  Mivasaka, 
Jpn.  J.  Appl.  Phys.,  30,  3193  (1991). 

[8]  A.  Linz.,  Phys.  Rev.,  91,  753  (1953). 

[9J  M.  Sayer,  A.  Mansingh,  A.K.  Arora  and  A.  Lo,  Integrated 
Ferroelectrics,  1,  129-46(1992). 

[10]  Y.  Miyasaka  and  S.  Matsubara,  1990  IEEE  7th  International 
Symp.  on  Appl.  of  Ferroelectrics,  Urbana,  Illinois,  eds.  S.B. 
krupanidhi  and  S.K.  Kurtz,  p.121  (1992). 

[11]  S.M.  Sze,  Semiconductor  Devices  Physics  and  Technology’. 
(Wiley,  New  York,  1985),  p. 

[12]  S.  Matsubara,  T.  Sakuma,  S.  Yamamichi,  H.  Yamaguchi  and 
Y.  Miyasaka,  in  Mat.  Res.  Symp.  Proc..  vol.  200,  edited  by 
R.  Myers  and  A.J.  Kingon  (MRS  Pittsburg,  1990)  p.  243-53. 

[13]  R.F.  Pinizzotto.  E.G.  Jacobs,  H.  Yang,  S.R.  Summerfelt  and 
B.E.  Gnade,  Mater.  Res.  Soc.  Fall  Meeting.  Boston.  MA 
(1991). 

[14]  W.B.  Pennebaker,  IBM  J.  Res.  Develop..  Nov.  p.  680 
(i969). 

[15]  R.  Waser,  T.  Baiatu  and  K.H.  Haerdtl,  J.  Am.  Ceram.  Soc.. 
73  [6]  1645-53,  1654-62  (1990). 


308 


CONTROLLED  ION  BOMBARDMENT  INDUCTED 

MODIFICATION  OF  PZT  THIN  FILMS 

H.  Hu  and  S.  B.  Krupanidhi 
Mateiials  Research  Laboratory 
The  Pennsylvania  Stale  University 
University  Park,  PA  16802 


ABSTRACT 

The  properties  of  PZT  thin  films  can  be  modified  by 
low-energy  oxygen  ion  bombardment.  The  degree  of  (100) 
orientation,  remanent  polarization  (PJ,  coercive  field  (E^)  and 
dielectric  constant  (k)  of  the  films  were  chosen  to  properly 
quantify  the  bombardment  effect.  It  was  found  that  these 
properties  are  strongly  dependent  on  the  ion  beam  flux  and 
bombarding  ion  energy.  The  ion/atom  ratios  between  1.0  and 

1.3  and  the  bombarding  energies  within  the  range  of  60  to  80 
oV  are  optimal  to  realize  desirable  property  modification. 
Relative  to  the  non-bombarding  case,  the  bombardment  could 
increase  the  P^  and  k  by  up  to  60%  and  25%  respectively,  and 
reduce  the  E^.  by  about  20%.  The  improved  properties  also 
include  crystallization  temperature,  switching  characteristics,  I-V 
behavior  and  time  dependent  dielectric  breakdown. 

I.  INTRODUCTION 

Controlled  ion  bombardment  of  thin  films  during  growth 
has  long  been  recognized  as  an  important  tool  in  modifying  the 
growth  process,  microstructure  and  properties  of  resultant 
films. Among  most  of  the  physical  vapor  deposition 
techniques,  intrinsic  energetic  particle  bombardment  of  the 
depositing  films  is  generally  observed.  However,  in  plasma 
based  deposition  techniques  such  as  magnetron  sputter 
deposition,  the  flux  density  and  the  energy  of  the  sputtering 
species  are  inseparable,  unwanted  bombardment  is  unavoidable 
and  limited  opportunities  exist  to  introduce  controlled 
bombardment.  On  the  contrary,  it  is  ideal  for  technique  of  ion 
beam  sputter  deposition  to  include  a  secondary  low  energy  ion 
bombardment,  since  it  is  in  this  technique  that  the  most 
controllable  bombardment  can  be  realized  due  to  the  unique 
features  of  the  ion  source  (independent  monitoring  of  ion  flux 
and  energy,  localized  plasma  and  low  operating  pressure).^ 

In  a  recent  paper,^  effects  of  low-energy  oxygen  ion 
bombardment  on  multi-ion-beam  reactive  sputter  (MIBERS) 
deposited  ferroelectric  PZT  films  has  been  briefly  reported.  In 
this  paper,  property  modification  of  the  PZT  thin  films  by  the 
bombardment  are  systematically  described. 

II.  EXPERIMENTAL 

The  MIBERS  was  used  to  deposit  PZT  films  with  a 
Zr/Ti  ratio  of  50/50  on  Pt  coated  Si  substrates  at  room 
temperature  and  at  a  deposition  rate  about  18  A/min.’  During 
the  deposition,  the  growing  films  were  directly  bombarded  by 
a  low-energy  oxygen  ion  (Oj'^/O'^)  beam  from  a  3-cm  Kaufman 
ion  source  in  single  grid  configuration.  The  beam  was  directed 
to  the  substrates  with  an  angle  of  incidence  at  about  25”  from 
the  normal  of  substrate  surface.  To  compensate  for  the  Pb 
resputtering  by  the  direct  bombardment  and  maintain  nearly  the 
same  Pb  content  in  the  deposited  films,  the  Pb  flux  was 
increased  by  about  15-19%  excess  (relative  to  the  non- 
bombarding  case)  depending  on  bombarding  conditions.*  Tbis 
was  done  by  increasing  the  voltage  and  current  of  the  sputtering 
ion  beam  of  the  Pb  target.  While  all  the  other  deposition 
parameters  were  fixed  the  same,  the  bombarding  ion  energy 
(E^)  and  beam  flux  (I^)  were  changed,  one  at  a  time,  from  run 
to  run  to  render  different  bombardment  conditions.  The  1^  was 


changed  by  adjusting  the  current  of  cathode  filament  of  the  ion 
source  only,  without  varying  the  O,  tT>w,  so  that  the  oxygen 
partial  pressure  of  the  deposition  chamber  was  kept  the  same 
at  0.01  Pa  for  all  the  runs.’  From  the  values  of  1^  and  the 
measured  deposition  rates,  ion/atom  arrival  ratio  was  calculated 
as  one  of  the  parameters  expressing  the  bombardment  effects. - 
Electron  probe  microanalysis  (EPMA)  showed  that  most  of 
such  deposited  films  have  nearly  the  same  Pb  content  (about 
3%  excess  relative  to  the  stoichiometry  ol  PZT  perovskite 
phase),  except  for  a  few  deposited  at  too  high  Ej,  or  I,,  which 
are  slight  Pb  deficient.  The  as-grown  films  were  annealed  at 
temperatures  from  550  to  70t)”C  in  an  oxidizing  ambient  to 
achieve  crystallization.*  The  crystallized  films  were 
characterized  in  terms  of  structure  and  electrical  properties  to 
examine  the  bombardment  effects  with  reference  to  the  non- 
bombarded  films. 

The  study  was  done  in  the  following  strategy.  First, 
effects  of  the  bombardment  were  qualitatively  scanned,  and 
several  bombardment-sensitive  properties  were  chosen  in  order 
to  quantify  the  bombardment  effect.  Second,  the  dependencies 
of  such  properties  on  the  bombarding  parameters  (ion/atoni 
ratio  and  E^)  were  investigated,  thus  defining  an  optimal  range 
of  the  bombardment  conditions. 

Ill.  RESULTS  AND  DISCUSSION 
A.  Qualitative  descriptions 

The  first  obvious  effect  of  the  bombardment  is  the 
reduction  in  crystallization  temperature  as  shown  in  Fig.l.  Films 
grown  with  the  bombardment  at  an  energy-  of  75  eV  and  an 
ion/atom  ratio  of  1.2  showed  a  dominant  perovskite  phase  after 
annealing  at  550®C  for  2  h,  while  films  grown  without  the 
bombardment  assumed  only  a  pyrochlore  phase  by  the  same 
annealing.  This  bombardment  induced  enhancement  in 
crystallization  was  expected,  since  similar  results  have  been 
widely  reported  for  other  materials.'  *  The  same  effect  was  also 
observed  for  PZT  films  on  bare  Si  substrates.  It  was  found’  that 
excess  amount  of  Pb  as  high  as  20-25%  were  needed  for  near 

PI 


Fig.  1.  XRD  patterns  of  the  filrps,  annealed  at  550‘’C 
for  2  h:  (a)  deposited  without  the  bombardment;  (b) 
deposited  with  bombardment  at  E^  =  75  eV  and 
ion/atom  =  1.2. 
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morphotropic  phase  boundan’  comfxjsition  PZT  films  on  bare 
Si  substrates  to  attain  perovskite  phase  by  post-deposition 
annealing,  and  it  was  hard  to  induce  perovskite  phase  in  PZT 
films  of  near-stoichiometric  Pb  content  (about  3%  excess  Pb) 
on  bare  Si  substrates  as  shown  in  Fig.2.a.  However,  the  PZT 
films  of  the  same  Pb  content  on  bare  Si  substrate  and  annealed 
at  the  same  condition  assumed  a  dominant  perovskite  phase 
when  the  film  growth  was  assisted  by  secondary  ion 
Ptr 


Fig.  2.  XRD  patterns  of  the  films  with  near- 
stoichiometric  Pb  on  bare  Si  and  annealed  at  650“C 
for  2  h:  (a)  without  the  bombardment;  (b)  with  the 
bombardment  at  Eb=75eV  and  ion/atom=  1.2. 

bombardment,  as  shown  in  Fig.2.b.  Such  crystallization 
enhancement  may  in  part  be  attributed  to  enhanced  adatom 
mobility  by  the  bombardment.  Muller  visualized  the  possible 
mechanism  for  such  effer*  in  molecular  dynamics  simulations  of 
crystal  growth.^  Low  energy  ion  bombardment  provides  local 
atomic  rearrangement  allowing  atoms  to  relax  into  lower  energy 
sites.  In  the  present  case,  although  the  as-grown  films  were 
mainly  amorphous,  it  was  quite  possible  that  nucleation  may 
have  been  initiated  during  deposition  by  these  local  atomic- 
rearrangement  and  relaxation,  so  that  some  micro-crystallites 
have  already  existed  in  the  as-grown  films  although  they  were 
too  small  to  be  detected  by  x-ray  diffraction  (XRD).  In 
addition,  enhanced  incorporation  of  oxygen  in  the  films  by  the 
reactive  oxygen  ion  (0j*/0*)  bombardment,  as  similarly 
reported,'*  may  be  the  other  reason  for  this  crystallization 
enhancement.  It  has  been  noted  that  sufficient  oxygen 
concentration  is  crucial  for  PZT  films  in  forming  and 
maintaining  the  perovskite  structure.'  It  may  also  be  worth 
mentioning  that  the  as-grown  amorphous  films  may  have  stored 
some  extra  energy  due  to  the  bombardment  which  may  tend  to 
be  released  during  annealing  process.*  This  would  tend  to  lower 
the  minimum  annealing  temperature  of  the  films  as  well. 

Figure  3  indicates  that  while  non-bombarded  films 
usually  exhibits  a  random  orientation  with  the  XRD  pattern 
similar  to  those  of  randomly  oriented  PZT  ceramics, 
bombarded  films  can  assume  preferred  (100)  orientation.  The 
degree  of  such  preferred  orientation  seems  highly  dependent  on 
the  bombardment  conditions  (Fig.3(b)  and  (c)).  This  effect  has 
often  been  attributed  to  the  occurrence  of  recrystallization 
associated  with  channelling.  Since  there  was  no  appreciable  in- 
situ  crystallization  in  the  present  case,  it  is  thought  that  this 
preferred  orientation  might  initiate  from  the  possible  in-situ 
nucleated  micro-cry.stallites  (as  so  mentioned  above)  which 
would  act  as  seeds  for  the  following  crystallization.  The  other 
possible  reasons  may  be  as-sociated  with  bombardment  induced 
anisotropic  stress’  and  the  bombarding  energy  stored  in  the  as- 
grown  amorphous  films*  which  may  tend  to  cause  a  preferred 


Fig.  3.  XRD  patterns  of  the  films  deposited  (a) 
without  bombardment,  (b)  with  bombardment  at  E,,  = 

80cV  and  ion/aiom=  1.1,  and  (c)  at  E,,=H()eV  and 
ion/'atom=  1.4.  (annealed  at  58(f'C) 

orientation  of  film  upon  instantaneous  release  during  post¬ 
deposition  annealing.* 

Scanning  electron  microscopy  shows  the  films  grown  with 
secondary  ion  bombardment  showed  denser  structure  and 
smoother  surface  than  the  non-bombarded  ones.  According  to 
molecular  dynamics  simulations,  the  densification  by  off-normal 
incident  ion  beam  bombardment  was  thought  to  be  a  natural 
consequence  of  the  bombardment. ‘  The  surface  smoothness 
would,  of  course,  be  improved  with  film  density.  Besides, 
enhanced  adatom  mobility  makes  a  significam  contribution  to 
smoothing  the  surface.^  The  other  aspect  of  the  surface 
smoothing  might  be  a  consequence  of  resputtering.  Since  the 
sputter  yield  is  strongly  dependent  on  the  angle  of  incidence  of 
sputtering  species,  the  result  of  energetic  bombardment  during 
deposition  is  often  that  topographical  features  which  protrude 
up  from  the  rest  of  the  surface  plane  are  more  rapidly  etched 
than  the  flat  surface,  resulting  in  a  smoother  and  more 
featureless  films.* 

Figure  4  shows  the  evolution  of  both  remanent 
polarization  (P,)  and  coercive  field  (Ej  of  both  kinds  of  the 
films  with  annealing  temperature  (T.,).  It  can  be  seen  that  for 
each  T,  the  bombarded  films  have  higher  P,  and  lower  E^  than 


Fig.  4.  Evolutions  of  P,.  and  E,.  of  the  films  (7(KK)A 
thick)  with  annealing  temperature.  Bombardment 
parameters  were  Ei,  =  75  eV  and  ion/atom  =  1.2. 
Measuring  frequency  was  60  Hz. 
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the  non-b(inibarded  blnis.  1  He  tollowmg  reasons  were  noted 
responsible  tor  tl.  ^  superiority  ot  the  bombarded  films:  a) 
better  crystallinity  for  each  corresponding  since  the 
bombarded  films  started  to  form  perovskite  phase  at  lower 
temperature,  b)  higher  degree  of  (ItX))  orientation,  and  c) 
better  electrode-film  interfaces  attributed  to  denser  and 
smoother  film  surfaces.  Therefore,  degree  of  (1(K))  orientation 
and  values  of  P,  and  were  chosen  as  he  basic  bombardment- 
sensitive  properties  to  quantify  the  boirii  ardment  effect.  Low- 
field  dielectr;..  response,  r.s  a  highly  structure-sensitive 
property,'’ was  also  examined  '.ersus  bombardment  parameters. 
However,  the  effect  of  reduction  in  crystallization  temperature 
(T^)  is  not  suii.ible  to  be  used  as  a  quantitative  parameter  since 
in  the  present  case  can  not  be  easily  defined  and  detected 
due  to  the  limit  in  sensitivity  of  XRD. 

In  addition  to  those  mentioned  above,  some  other 
electrical  properties  such  as  switching  characteristics,  l-V 
behaviors  and  time  dependent  dielectric  breakdown  were  also 
found  strongly  affected  by  the  bombardment,  and  are  reported 
elsewhere.'*’ 

B.  Bombardinp-flux-dependent  properties 

The  following  results  are  based  on  films  with  similar 
thicknesses  ranging  from  17(K)  to  21(K)  A,  and  the  same 
annealing  condition  (580'’C  for  20  min). 

Figure  5  shows  the  XRD  intensity  ratio 
*iiiHi/(*(iuo)  +  ^ii(i)I  crystallized  films  as  a  function  of  the 

ion/atom  ratio.  For  clarity,  it  is  worth  mentioning  that  in  the 
present  case  "ion"  denotes  both  and  O"’,  and  "atom” 
includes  Pb,  Zr  and  Ti.  It  is  noted  from  Fig.5  that  the  degree  of 
( 100)  orientation  increases  monotonically  within  the  range  of 


Fig.  5.  XRD  intensity  ratio  l(i,)ii/(I(H>0)+*o:»)> 
crystallized  films  as  a  founction  of  ion/atom  ratio. 


ion/atom  ratio  from  0  to  about  1.4,  gradually  from  0  to  1.0,  and 
sharply  from  1.0  to  1.4.  Afterwtirds,  httwever,  it  steeply 
decreases  with  ion/atom  ratio.  The  trend  of  the  evolution  of 
preferential  orientation  with  ion/atom  ratio  in  the  region  lower 
than  1.4  is  consistent  with  the  behaviors  of  low-energy  ion 
bombardment  modified  properties  in  general,'  and  confirms  the 
strongly  tlux-dependent  nature  of  the  bombardment  effect.  It  is 
of  interest  to  note  that  there  is  a  highly  sensitive  range  between 
1.0  and  1.4  of  ion/atom  ratio,  which  may  be  of  particular 
importance  in  practice  of  property  modifications.  The  abnorm:il 
steep  decrease  in  the  degree  of  ( 100)  orientation  in  the  higher 
ion/atom  laiio  region  (  >  1.4  )  was  presumably  attributed  to  the 
deviation  in  the  film  stoichiometry,  namely  the  resputtering- 


induced  Pb  deficiency  bv  the  high  ion  tlux,  as  revealed  bs 
EPMA, 

Figure  6  shows  the  P,  and  values  as  functions  of  the 
ion/atom  ratio.  Basically,  the  curve  of  P,  versus  lon  atom  ratio 
follows  a  trend  similar  to  that  of  orientation  in  Fig. 5.  although 
it  increa.ses  more  steadily  over  the  entire  lower  lon/atom  region 
(from  0  to  1.4).  It  may  be  noted,  however,  that  the  peak 
position  of  ion/atom  ratio  is  shifted  to  about  1..4,  compared  to 
1.4  for  the  preferential  orientation.  This  discrepancy  may  be 
stress  related,  since  the  films  deposited  at  ion/atom  ratio  near 
1.4  seemed  highly  stressed,  as  evidenced  by  the  fact  that  thicker 
films  (about  5000  A)  of  this  condition  tended  to  buckle  off  after 
crystallization.  It  has  been  noted  that  the  stress  and  preferential 
orientation  are  often  highly  correlated.'  The  further  decrease  in 


Fig.  6.  Remanent  polarization  and  coercive  field  of 
the  films  as  functions  of  ion/atom  ratio. 


lon/Atom  Arrivol  Rotio 


Fig.  7.  Dependence  of  dielectric  constant  (k)  and 
dissipation  factor  (tan  i)  of  the  films  (at  100  kFIz)  on 
ion/atom  ratio. 


P,.  with  ion/atom  >  1.4  was  again  thought  to  be  the  consequence 
of  Pb  deficiency.  It  can  also  be  seen  from  Fig.6  that  the 
changes  with  ion/atom  ratio  the  other  way  against  the  P^.  This 
fact  is  of  great  significance  as  it  allows  optimum  conditioning  to 
attain  as  high  P,  and  as  low  as  possible  simultaneously. 

The  dielectric  constant  (k)  of  the  films  at  100  kHz  also 
showed  a  strong  dependence  on  the  ion/atom  ratio,  while  the 
dissipation  factor  (tan5)  remained  in  the  vicinity  of  0.02  (Fig.7). 
Again,  the  k  curve  roughly  mimics  the  P^  curve  or  orientation 
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curve,  except  for  a  little  further  shift  in  the  peak  position 
towards  the  lower  ion/atom  side  and  some  broadening  of  the 
peak.  Comprehensively,  the  ion/atom  ratio  for  optimum 
combination  of  P,.,  E^,  and  k  in  the  present  conditions  seems 
within  the  range  from  1.0  to  1.3.  Relative  to  the  non¬ 
bombarding  case  (  zero  point  of  ion/atom  ratio  ),  the 

increments  in  P,  and  k  could  be  about  60%  and  25% 

respectively,  while  the  reduction  in  could  be  about  20%. 

While  the  ion/atom  ratio  was  kept  constant  at  1.28,  the 
bombardment  effect  was  also  studied  in  terms  of  P^  and  E^ 
versus  the  bombarding  ion  energy  Ej,.  The  results  were 

summarized  in  Fig.8.  It  is  shown  that  for  E(,s  from  60  eV  to  80 
eV,  P,  had  almost  equally  high  values  of  about  20-22  nClcm^, 
while  beyond  80  eV  it  continuously  decreased  as  E,,  increased. 
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Fig.  8.  Variation  of  remanent  polarization  and 
coercive  field  with  bombarding  ion  energy. 

Therefore,  it  seems  that,  within  the  range  of  experimental 
condition  explored  in  the  present  work,  the  bombarding 
energies  between  60  and  80  eV  are  optimal  to  realize  effective 
property  modification.  Higher  E(,  was  not  suitable  because  it  led 
to  significant  Pb  resputtering, ^  which  may  have  resulted  in  less 
effective  bombardment  for  desirable  modification^  as  well  as  Pb 
deficient  in  the  films  (observed  bv  EPMA  in  the  case  of  110 
eV). 

IV.  CONCLUSIONS 

low-energy  oxygen  ion  bombardment  was  successfully 
used  to  modify  and  enhance  the  physical  properties  of 
ferroelectric  PZT  thin  films.  The  degree  of  (100)  orientation, 
remanent  polarization,  coercive  field  and  dielectric  constant  of 
the  films  were  chosen  to  properly  quantify  the  bombardment 
effect.  It  was  found  that  these  properties  are  strongly  dependent 
on  the  ion  beam  flux  (characterized  by  ion/atom  ratio)  and 
bombarding  ion  energy,  and  the  ion/atom  ratios  between  1.0 
and  1.3  and  the  bombarding  ion  energies  from  60  to  80  eV  are 
optimal  to  realize  desirable  property  modification. 
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Abstract 

Sol-gel  derived  ferroelectric  thin  films  (PZT, 
PLZT)  have  been  successfully  processed  using  the  novel 
internal  heating  mechanism  of  microwave  energy. 
Pyrolysis  and  crystallization  of  films  in  the  microwave 
field  was  fast,  and  showed  good  selectivity.  The  nature 
of  xerogel  plays  an  important  role  in  the  pyrolysis  and 
crystallization  of  these  films  because  of  good  coupling  of 
the  microwave  with  these  dipole  containing  species.  The 
microwave  processed  films  exhibit  respectable  dielectric 
and  ferroelectric  properties. 


Introduction 

The  potential  applications  of  ferroelectric  thin  films 
in  microelectronics  and  micromechanics  has  been 
extensively  researched  in  the  past  few  years.  It  is  a  well 
established  fact  now  that  the  quality  of  ferroelectric  thin 
films  is  directly  related  to  the  fabrication  process.  A 
number  of  studies  have  shown,  for  instance,  that  rapid 
thermal  annealing  (RTA)  is  desirable  in  thin  film 
processes;  it  supresses  interface  diffusion  and 
evaporation  of  possible  surface  elements  [1]. 

The  use  of  microwave  energy  for  the  sintering  of 
ceramics,  although  a  relatively  new  development,  has 
proliferated  in  recent  years  [2,3].  The  potential  of 
microwaves  for  reducing  the  processing  temperature  and 
maintaining  uniform  microstructure  compared  to 
conventional  sintering  techniques  has  been  demonstrated 
unequiv  tlly.  This  has  been  attributed  to  higher 
diffusion  and  lower  activation  energy  for  sintering  that  is 
characteristic  of  microwave  energy.  Fast  heating  speed 
as  well  as  higher  diffusion  rates  that  are  associated  with 
microwave  heating  may  be  the  reason  for  low  temperature 
crystallization  process.  The  microwave  sintered  PZT  and 
PLZT  ceramics  have  shovm  some  superior  properties 
compared  to  conventional  sintering  [4].  However, 
although  the  use  of  microwave  energy  for  sintering 
serves  to  accelerate  the  process,  due  to  the  poor  coupling 
between  the  microwave  and  the  materials  at  room 
temperature,  preheating  the  material  upto  a  critical 
temperature  at  which  it  starts  to  couple  effectively  with 
the  microwave  is  still  a  problem,  especially  at  the  low 
frequency  of  2.45  GHz.  Long  time  is  expended  in 
heating  the  samples  to  the  critical  temperature  range, 
above  which  the  dielectric  loss  of  materials  increase 
drastically,  and  consequently,  rapid  heating  occurs. 


In  contrast  to  microwave  heating,  conventional 
heating  takes  place  by  radiation.  There  is  a  positive 
temperature  gradient  from  the  surface  of  the  sample  to  its 
interior,  which  is  not  desirable  in  many  cases.  The 
overheated  surface  can  cause  strong  reaction,  change  the 
stoichiometry,  and  form  a  surface  layer.  Another 
disadvantage  of  conventional  heating  is  unselective 
heating;  that  is,  the  heat  flux  is  merely  related  to  the 
distance  of  the  sample  from  the  surface  rather  than  the 
material  properties.  The  microwave  heating  technique 
can  overcome  these  two  drawbacks.  This  is  because  the 
heat  generated  by  microwave  is  due  to  the  dielectric  loss 
of  materials. 

In  sol-gel  processed  thin  films,  prepyrolysed  gel 
films  contain  many  polar  ionic  groups,  such  as 
CH2CH2OCH3,  and  other  metal  alkoxide  polymers. 
These  polar  groups  vibrate  thermally  and  nonthermally 
under  Ae  electromagnetic  field  and  are  good  microwave 
absorbers.  Microwave  energy  couples  to  sol-gel  films 
easily  at  room  temperature,  and  heats  the  film  to  higher 
temperamre;  microwave  energy  couples  with  pockets  of 
crystallized  regions  in  the  film,  aided  by  the  dielectric 
dissipation,  to  form  grains  until  crystallization  is 
completed.  Many  substrate  materials,  such  as  metals  and 
quartz,  are  poor  microwave  energy  absorbers  [5,6]. 
Metals,  for  example  aluminum  and  platinum,  are  good 
conductors  which  reflect  microwave  effectively.  On  the 
other  hand,  quartz  and  fused  silica  are  almost  microwave 
transparent  at  a  wide  temperature  range.  Ferroelectric 
thin  films  have  great  potential  in  being  used  as  "smart 
coatings".  Therefore,  it  is  of  interest  to  study  the 
possible  approaches  to  obtain  high  quality  film  coated 
composite. 

The  objective  of  this  research  has  been  to  explore 
the  feasibility  of  using  microwave  energy  to  process 
ferroelectric  thin  films  with  different  substrates.  The 
processing  and  properties  of  PZT  and  PLZT  thin  films 
with  microwave  treatment  are  described  in  this  paper. 
Further  details  will  be  published  elsewhere. 


Experimental 

The  films  were  fabricated  on  platinized  silicon  by 
the  sol-gel  spin-on  technique;  the  details  of  the  procedure 
has  been  outlined  in  Reference  7.  The  samples  were 
placed  in  the  microwave  cavity  of  a  commercial  800  W 
microwave  oven  (2.45  GHz).  The  temperature  was 
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measured  by  a  thermo-couple  which  contacted  the  surface 
of  the  samples;  to  overcome  the  electromagnetic  field 
interference  of  microwave,  the  actual  value  of  the 
temperature  was  noted  immediately  upon  switching  off 
the  power.  The  temperature  versus  time  curve  is  shown 
in  Figure  1 . 

The  heated  samples  were  characterized  by  x-ray 
diffraction  (XRD)  to  determine  the  crystalline  phase;  the 
microstructures  were  examined  by  scanning  electron 
microscope  (SEM).  Sputtered  gold  and/or  platinum,  over 
a  250  pm  x  250  pm  area,  served  as  the  top  electrode  of 
the  films,  forming  metal-insulator-metal  (MIM)  capacitor 
structure  for  electrical  characterization.  The  dielectric 
properties  were  measured  by  HP4191A  impedance 
analyzer,  and  the  ferroelectric  polarization  by  a  modified 
Sawyer-Tower  circuit. 


H^spits  and  PIsgussion 

A  constant  microwave  power  input  was  applied. 
In  the  first  few  seconds,  the  temperature  of  the  film  rose 
very  rapidly;  the  temperature  shot  up  to  300  °C  within  3- 
5  seconds  and  then  slowed  down.  TTiis  is  different  from 
the  sintering  of  bulk  materials;  the  films  have  a  large 
surface  area  for  heat  dissipation,  and  small  mass.  During 
microwave  sintering,  heat  is  generated  from  within  the 
material;  larger  the  sample  area,  faster  is  the  heat 
dissipated.  At  a  given  input  power,  the  sample  reaches 
an  equilibrium  temperature.  This  feature  is  helpful  in 
preventing  a  fast  thermal  runaway  and  controlling  the 
processing  temperature.  Thermal  runaway  is  not  desirable 
in  the  pyrolysis  and  crystallization  process  of  thin  films 
since  temperature  control  is  difficult,  and  can  cause 
overheating,  even  partial  melting  of  the  specimen. 

Figure  1  is  a  plot  of  the  film  surface  temperature  as 
a  function  of  time.  The  rapid  rise  in  temperature  proves 
that  the  gelled  films  contain  polar  groups  which  have 
good  coupling  with  microwave  energy.  Polymer 
components  can  be  considered  as  sintering  aids  which 


couple  microwave  at  a  lower  temperature  range  and  bums 
off  at  higher  temperatures.  This  is  an  advantage  in  using 
microwave  to  treat  sol-gel  derived  thin  films.  The 
temperature  difference  measured  between  the  substrate 
and  the  surface  of  the  films  was  larger  than  several 
hundred  degrees  which  proves  the  selective  feature  of 
microwave  heating. 

Crystallization  of  thin  films  is  a  function  of  the 
local  annealing  temperature.  The  local  temperature 
depends  most  importantly  on  the  local  dielectric  constant 
and  other  properties,  such  as  heat  capacity  and  density; 
the  temperature  in  turn  affects  the  local  dielectric  constant. 
The  XRD  patterns,  displayed  in  Figure  2  as  a  function  of 
temperature,  reveals  that  the  film  is  completely 
crystallized  when  annealed  at  5C(y^  C  for  5  minutes.  The 
erdianced  crystallization  characteristics  were  mo.st  likely 
the  result  of  the  extremely  fa.st  heating  rates  achievable  by 
the  unique  direct  heating  and  nonthermal  excitation 
mechanism.  Fig.  3  illustrates  the  x-ray  diffraction  pattern 
of  PZT  films  coated  on  NiTi  alloy  substrate. 
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Figure  2  XRD  patterns  of  the  PZT  films  microwave 
annealed  in  the  range  of  480-520  for  5  minutes.  The 
films  are  completely  crystallized  by  5(X) 
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Figure  1  Plot  showing  the  surface  temperature  of  the  film 
as  a  function  of  time.  Note  the  three  distinct  regions  in 
the  temperature  profile. 
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Figure  3  XRD  pattern  of  PZT  film  on  TiNi  shape 
memory  alloy  substrate. 
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Figure  4  Planar  SEM  micrograph  of  PZT  film 
microwave  annealed  at  500  OC  for  5  minutes. 


The  microstmcture  of  the  sample,  shown  in  Figure 
4.  is  a  testimony  to  the  ability  of  the  fast  themial  process 
to  produce  high  quality  microstructure.  Using  a  linear 
intercept  method,  t!ir  average  grain  size  of  the  microwave 
processed  films  was  found  to  be  0.1 -0.2  pm.  The 
uniform  microstmcture  acemes  from  the  microwave  field 
interacting  with  the  material  at  the  molecular  level  and 
exciting  more  nuclear  sites  than  simple  thermal  excitation. 

Figure  5  is  a  plot  of  the  dielectric  permittivity  and 
loss  factor  (tan  d)  of  0.48  pm  thick  PZT  films  against 
microwave  annealing  temperature;  the  dielectric  constant 
and  tanS  were  820  and  about  0.03  respectively  at  53(PC, 
which  are  comparable  to  the  conventionally  processed 
thin  films.  The  P-E  hysteresis  loop  oscillographs  of  the 
films  constitute  Figure  6;  the  remanent  polarization  show 
re.spectable  values  of  approximately  9  pC/cm2  and  6 
pC/cm2  for  the  PZT  and  PLZT  films  re.spectively. 
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Figure  5  Plot  of  weak  field  dielectric  constant  and  loss 
factor  as  a  1  unction  of  annealing  temperatures 


Figure  6  Polarization-Electric  field  hysteresis  loops  of 
PZT  (top)  and  PLZT  (bottom)  thin  films 


Conclusions 

Sol-gel  derived  ferroelectric  thin  films,  such  as 
PZT  and  PLZT,  have  been  processed  by  microwave 
energy;  the  attractive  feature  of  the  process  resides  in 
quickly  completing  the  pyrolysis  and  crystallization  steps. 
The  pre-pyrolysed  gel  films  have  good  microwave 
absorption  which  may  be  attributed  to  the  existence  of 
polar  groups  in  the  films.  Selective  heating  is  another 
unique  characteristic  of  the  microwave  process  which 
holds  promise  for  composite  materials  fabrication. 
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Abs  t  rac  t 

As-sputtered  ferroelectric  lead-zirconate- 
titanate  (PZT)  thin  films  were  prepared  on  a 
Pt(800nm)/Ti (350nm)/Si02 (150nm)/Si (100) 
substrate  at  a  comparatively  low  temperature 
around  500*C.  The  compositional  variation  of 
Zr/Ti  ratio  in  the  deposited  Pb(Zro.S3 Tio.47  )03 
film  were  discussed  as  a  function  of  rf-power, 
sputtering  gas  pressure  and  substrate 
temperature.  Dielectric  constant  in  a  2 . 0 um- 
thick  film  was  8s  =  370  by  an  oscillation 
level  of  IV  at  60  Hz.  The  remanent  polarization 
polarization  and  the  coercive  field  were 
5.2  uC/cm"  and  20  KV/cm,  respectively. 


41.  I n t roduc  t i on 

Lead-zirconate-ti tan ate,  PbCZrxTi i-x lOa, 
thin  films  have  attracted  much  attention  for 
non-volatic  randam  access  memory  (ferro-RAM) 
for  their  polarization  reversal 
characteristics  by  electric  field  and  for 
dynamic-RAM  capacitors  due  to  their  high 
dielectric  constants  compared  with  Si02  on  Si. 

Several  deposition  methods  have  been 
reported  using  mixed  oxide  powder  of  PbO  and 
TiOz  ,  Pb(ZrxTi i-x )03  ceramics  target 
and  metal  target  2.3)  .  the  mixed  oxide  powder 
supperting  has  disadvantage  such  as  the 
difficulty  in  applying  a  large  rf-power  due 
to  the  low  melting  temperature  of  PbO. 

The  ceramic-target  sputtering  has  also 
disadvantages  such  as  difficulty  in 
fabricating  a  large  target,  the  difficulty 
in  applying  a  large  rf-power  due  to  the  low 
thermal  conductivity  of  ceramic  target,  and 
as  a  both  common  disadvantage,  poor 
compositional  transferability  from  the  target 
to  the  film. 

In  this  paper,  Pb(Zr 0.53 Ti 0.47 ^^3  (MPB) 
thin  films  were  prepared  by  a  reactive  rf- 
magnetron  sputtering  in  Ar:02  =  50:50  pre-mixed 
gas  using  Pb ,  Zr  and  Ti  metal  targets.  Metal 
target  sputtering  has  several  advantages 
compared  with  the  abovemen t i oned  other 
sputterings  ;  1)  highly  stability  and  purity 
of  target,  2)  possiblity  to  apply  a  large  rf- 
power  due  to  the  high  thermal  conductivity. 
However  there  existed  some  complexities 
related  with  sputtering  coefficients  of 
metal  used  as  a  target. 

42.  Experimental  procedure 

Typical  schematic  diagram  of  the  multi¬ 
element  metal  targets  is  given  in  Fig.  1. 

The  diameter  of  metal  Pb  and  the  ratio  of 
the  Zr/Ti  area  were  determined  by  the 
modified  Sigmund's  methods)  ;  1)  coefficient 
of  utilization  for  target  (magnetic  flux 
distribution),  2)  coefficient  of  sputtering 
for  Pb,  Zr  and  Ti  metal  (calculated  by  350  and 
700  eV  as  a  Ar/02  =  50/50,  3)  Pb  diameter  due 
to  Pb/(Zr+Ti )=1/1 ,  4)  ratio  of  Zr/Ti. 

Figure  2  shows  the  calculated  areas  of 
component  metal  (Pb,  Zr  and  Ti)  as  a  function 


Ti 


Fig.  1  Shematic  figure  of  the  mul t i -e 1 emen t 
target 


of  Zr  ratio  in  the  Pb (ZrxTi i-x  )03  component, 
where  solid  and  broken  lines  (marks)  show  the 
calculation  using  the  coefficients  of 
sputtering  of  350  and  700  eV,  respectively. 
The  quantity  of  Pb  became  slightly  larger  in 
PbZrOs  than  in  PbTiOs.  From  calculation,  the 
diameter  of  Pb  metal  was  41.08mm  and  the 
outside  and  inside  diameters  of  Zr  metal  were 
90.00  and  41.08  mm,  respectively  in  the  case 
of  350  eV  (correspond  to  the  rf-power  of 
100  W).  The  21  pieces  of  Ti  metal  (5x48. 92x 
0.5  mm)  were  prepared  in  the  case  of 
Pb(Zro.53  Ti 0.47 >03  composition  and  rf-  power 
of  100  V. 

Table  1  shows  the  fabrication  conditions 


Fig.  2  Calculated  ai  ea  of  I’b ,  Zi  and  Ti 

metal  as  a  function  of  Zr  mole  latio 
i  n  I’btZrxT  i  ]-x  >03 
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[  W  ) 
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2 
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35 

35 

Sputtering  Gas 

Ar 

Ar 
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(  A  ; 

3500 

8000 

Table  1  SputltMing  cond 

i t 1 ons 

for  Ti  and  P 

films  as 

1  owe  r 

c I cc t lodes 

RF  PoAer 

.  W  ) 

too- 

200 

Temperature 

i  ‘C  ) 

4  50- 

550 

Gas  Pressuie 

'  Pa  ;■ 

0  6- 

4  0 

Spuilerincj  Time 

.-a  <  n  , 

60- 

300 

Target  Sousiratu  Distance 

( iTD  1 

35 

Spulierincj  Gas 

Ar  U  - 

50.50 

Table  2  SputtorinK  c-undi  lions  foi  as-spultered 
I'/Toii/  4  7  film 

of  Ti  and  Pt  lower  electrodes  on  Si02/Si 
substrate.  The  Ti  film  was  ( 01 0 ) - o r i en t ed . 

The  Pt  film  was  ( 1 1 1 ) - o r i en t ed  and  the 
rocking  curve,  20.  of  ( 1 11 1 -or  i  en ted  Pt  film 
was  0.085.  Table  2  shows  the  fabrication 
conditions  of  Pb ( Zr o • S3 T  i  o . 47  ) O3  (PZT53/47) 
film.  As  sputtered  PZT53/47  film  were 
a  perovskite  single  phase  by  the  substrate 
temperature  above  500*C,  a  pyroclorc  single 
phase  below  450*C  and  a  mixed  phase  from 
450  to  500*C.  The  typical  deposition  late 
of  as-spultored  PZ.r53/47  film  was  0.26  um/h 
by  a  rf-powei'  of  100  W  and  1  Pa. 

The  film  configuration  in  this  study  was 
a  Au/PZT  f i Im/Pt/Ti/SiOo/Si (100)  substrate. 
Figure  3(a)  and  (b)  show  the  stress  and 
displacement  distribution  in  PZT  (1000nm)/Pt 
(300nm)/Ti (100nm)/Si02(100nm)/Si (1mm) 
substrate , when  cooled  to  25*C  from  500*C 
by  a  finite  element  method.  The  compressive 

force  (marked  by  4^  )in  the  uppei'  half-part 
of  the  PZT  film  and  the  lensional  force 


Pi 

Ti 


Si 


(marked  by  lin  the  lower  half-part  of  the 

PZT  film  were  predominant.  The  PZT  film  was 
unifoimly  shrinkaged,  because  the  compressive 
and  tensinal  forces  maintained  the  balance. 

On  the  other  hand,  in  the  PZT  film/Si(100) 
con f 1 guia t i on ,  i.e.  without  the  lowder 
electrode  of  Pt,  the  compressive  force  in  PZT 
film  was  predominant  and  as  a  result  PZT  film 
was  uended  with  a  concave  surface. 

J3.  Results  and  discussion 

Figure  4(a)  and  (b)  show  the  X-ray 
diffraction  pattern  (XRD)  of  as-sputtered 
PZT53/47  film  on  ( 1 1 1 ) P t / ( 0 1 0 ) T i /S i O2 /S i ( 00 1 ) 
and  on  non-oriented  P t / ( 0 1 0 )T i / S i O2 / S 1 ( 00 1 ) . 
The  relations  of  XRD  peak  intensities  in  Fig. 
4(b)  were  the  same  as  those  of  powder  pattern 
in  PZT53/47,  i.e.  the  (101)  peak  was  most 
strongest  and  this  PZT53/47  film  was 
identified  as  a  non-oriented  film,  while  in 
the  case  of  PZT53/47  film  on  (lll)Pt,  the  XRD 
intensity  of  (111)  peak  from  PZT  became 
stronger  compared  with  other  XRD  peaks,  i.e. 
the  (111)  orientation  of  PZT  film  became 
dom i nan  t . 


Fig.  4  XRD  patterns  as  sputtered  PZT53/47 
films  on  ( 1 1 1 ) P t / ( 01 0 )T i /S i O2/S i 
(a)  and  on  non-oriented  Pt/(010)/ 
Si02/Si (b) 


(  b) 


Fig.  3  (a)  sliess  <b)  displacement 

distribution  in  PZT  film  (lum))/ 

Pt  (  30()nm)/Ti  (  1  OOnm ) /S  i  02  (  1  OOnm)/ 

Si  (  1  OOOiim ) 

(  a  )  (  b  ) 

compressive  stress  ;  4— ♦  solid  line  :  5()0’c 
tcnsional  stress  ;  —  broken  lino  :  25°C 


Various  characteristics  depend  on 
strongly  the  composition  in  Pb (ZrxT i j -x  ) O3 , 
i.e.  Zr/Ti  ratio.  The  composition  near  the 
Zr/Ti=53/47  is  well  known  as  a  MPB  and  a 
mixed  phase  of  tetragonal  and  rhorabohedral . 
The  chemical  composition  of  the  deposited 
film  was  identified  by  the  XRD  method  ;  d 
constant(A)  and  20  of  XRD  was  almost  linearly 
changed  by  the  x  in  Pb (ZrxT i i-x )03 ,  as  shown 
in  the  measured  values  (white  circles  and 
squares)  of  Pb (Zr 0. 53 Ti 0. 47 ^^3 .  PbTiOa  and 
PbZr03  powder  as  a  reference  in  Fig.  5, 
while  the  chemical  composition  of  the 
deposited  film  depends  on  the  area  of  metal 
(Fig.l)  calculated  by  the  coefficients  of 
sputtering  for  individual  metal.  The  d- 
constant  and  20  from  the  (111)  XRD  peak 
in  PZT  film  prepared  by  a  rf-power  of  100  W 
,  a  sputtering  gas  pressure  of  1  Pa  and  a 
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Fig.  5  d-coBslant  and  20  in  (111)  peak  as  a 
function  of  Zr  in  Pb (Zr xTi i -x )0 3 
White  circles  and  squares  :  ceramics 
Black  circles  and  squares  :  film 


substrate  temperature  of  S00*c.  As  can  be 
seen  in  good  agreement  between  the  expected 
chemical  composition  calculated  from  area 
of  component  metal  and  d-constant  and  20 
measured  from  as-sputtered  PZT  film,  the 
chemical  variation  in  as-sputtcred  PZT  film 
can  easily  be  estimated  from  (010), (111), 
(002)  XRD  peaks.  Figure  0  shows  the 
cnmparisions  of  d-constant  in  PZT  film 
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*  expected  composition  (350eV) 
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Fig.  G  d-constant  in  (111)  peak  from  PZT 
film  prepared  by  the  rf-powers  of 
100  W  (  ■  )  and  200  W  (  a  )  and  the 
expected  composition  calculated  from 
350  eV  (  t  )  and  700  eV  (  +  )  as  a 
function  of  Zr  in  Pb ( Zr xT i  j  x > O 3 


prepared  by  the  rf-powers  of  100  and  200  W  and 
other  fabrication  conditions  were  the  same. 


AS  can  be  seen,  the  d  -  co  n.s  t  an  t  in  i/1  f  i  i  in 
pi  epai  ed  by  a  1  uO  W  was  stiilted  1 1.  ll,ij,se  ni  /; 
-rich  PZ 1 .  These  resui  t  .s  .suggests  tfiat  tiie 
coefficient  u  1  sputtei  1  ng  i.lnu  eV/  a.-.ed  fu;  Pn, 
Zr  and  Ti  was  suitable  value  lui  a  it-pL.wei  u  l 
100  W.  Ttieiefuie,  wtien  appiieJ  ti.e-  i.f-pi.>wei  u  f 
200  W  (700eV  as  a  linear  i  elation;,  ii.e 
quantities  <1  f  I'b  and  /i  fni  I'/ln.i  17  f  i  |  m 
stiiiuld  be  d  e  <■  1  I '  as  »'d  ,  and  that  uf  li  .st.nulcl  lie 
inei  eased,  1  espee  t  1  vi- 1  y  as  shuwn  in  I  1  g  .  d 
coilipa I  ed  w  I  t  ti  t  tins e  i  u  1  j  '  a  •  W  .  1 1 1>  we  vc  1  d  j  1 

111  etiange  only  a  il-powei.  tto  etn-mieal 
compos  1  I  1  o  n  o  j  as  -  sp  u  t  t  e  I  1  1)  1/1  f  :  I  ill  1  1  r  pa  1  ed 
by  a  200  W  sti  I  f  t  ed  to  / 1  1  1  cfi  side  in 

PbtZrxTi  i-x  )03. 


li 


Fig.  7  Cross  section  of  PZT  film  on  Pt/Ti/ 

S  i  02  /  S  i  s  libs  1 1  a  t  e 

Figure  7  show  the  SFM  mieiogiaph  of  as- 
sputlcrcd  !'/.  15.)  / 'I  7  film  on  (  1  1  )  )  P I  /  <  0  1  0  )  T  1  / 
Si02/Si  sulistiate.  Preparation  eoniiilionc  are 
as  follows  :  .substiale  temperatuie  - 
sputtering  ga.s  piessure  =  1  I’a,  if-powci  - 
too  W.  Typical  columm  structure  could  be 
observed  from  the  cross  section.  Ttiese  film 
surface  wassmoolh  compared  witti  that  of  I’Z.T 
film  on  non -o  r  i  on  t  ed  P  t  /  (  0  1  0  )  T  i  /  S  i  02  /  .S  i 
substrate. 

Die  lee  I  lie  constants  in  2.0  urn  thick 
film  wer  e  almost  €  s  =  370  by  the  o s i- 1  M  a  t  1  o n 
level  of  ,5  mV  to  1  V.  The  .-emanenl 
po  1  a  I  I  /. a  I  1  o n  and  I  ti  e  coercive  field  we  1  e  .  2 
uC/cm^  and  20  KV/em.  i es pec t 1 ve 1 y .  These 
values  weio  small  compaied  w  1  t  ti  Ihe.se  of 
ceramics,  doe  to  Itie  stress  in  I’/.T  film  as 
discusse.l  in  !•' I  g  .  3  and  the  film  Miickoesi., 

effect. 
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Physical  vapor-deposititm  techniques  such  as  plasma  and  ion 
beam  sputter-deposition  and  pulsed  laser  ablation-deposition  are 
extensively  used  for  synthesizing  single  and  multicomponent  and 
multilayered  thin  films,  particularly  multicomponent  oxide 
ferroelectric  thin  films.  The  os:dmization  of  deposition  conditions,  thus 
film  composition,  microstnicture  and  properties  requires  a  good 
understanding  of  the  basic  pheitomena  involved  in  ion  and  laser-solid 
target  interaction  and  related  processes  such  as  sputtering,  ablation, 
transport,  and  deposition  of  material  onto  appropriate  substrates.  Basic 
phenomena  related  to  these  techniques  and  their  influence  on 
processing-composition-microstructure-property  relationships  of 
ferroelectric  thin  Aims  are  discussed  in  view  of  recent  experimental 
and  theoretical  work  performed  by  several  groups,  with  the  ultimate 
goal  of  optimizing  the  mentioned  deirasition  techniques  and  scale 
them  up  for  application  in  the  fabrication  of  ferroelectric  thin  film- 
based  devices. 


Introduction 

Intensive  research  on  the  synthesis,  characterization,  and 
determination  of  processing-microstructure-propcriy  relationships  of 
multicomponent  oxide  thin  films  has  been  perform^  during  the  last 
five  years  on  the  new  oxide  high  temperature  superconductor 
(HTSC)  materials,  and  on  ferroelectric  and  electro-optic 
multicomponent  oxides.  Research  is  being  performed  to  develop 
both  the  scientific  bases  for  the  synthesis  and  characterization  of 
oxide  films  and  the  technological  applications  to  devices. 

There  are  various  areas  of  scientific  interest  related  to  the 
study  of  oxide  thin  films,  which  can  have  important  implications  fen' 
technological  applications  of  these  materials  in  manufacturing 
advanced  thin  fllm-based  devices.  The  areas  of  interest  include: 

•  New  properties  or  phenomena  (especially  via  heterostiuctuies  and 
supCTlattices). 

•  High  permitivities  such  as  those  characteristics  of  fetroclcctric 
materials,  which  result  from  their  high  spontaneous  polarizations, 
panly  originated  in  the  atomic  structure  of  the  material  and  partly  as  a 
result  of  polarization  reversal  in  the  presence  of  an  electric  field 
applied  on  either  a  macro-  or  a  nano-scide  (relaxor  materials). 

•  Higher  permitivities  achieved  via  modulated  structures. 

•  Induced  birefringence  using  a  "superalloy." 

•  Metal  -  metal  oxide  heterostructures. 

•  Field  induced  ferroelectric  -  antiferroelectric  phase  transition  in 
ferroelectric  materials,  such  as  that  observed  in  certain  lead  zirconate 
titanate  (PZT)  and  lead  lanthanum  zirconate  titanate  (PLZT)  solid 
solutions. 

•  Low  permitivity  dielectric  (^)  materials,  which  are  required  for 
use  as  substrates  and  interlayers  in  microwave  devices.  One  method 
of  engineering  low  permitivity  materials  is  to  produce  porous 
(composite)  materials,  which  can  be  achieved  by  vapor  phase 
deposition  under  controlled  conditions. 

The  technological  importance  of  multicomponent  oxide 
ferroelectric  thin  films  is  reflected  in  the  wide  range  of  applications  in 
microelectronic  hybrid  and  discrete  devices,  which  are  cuircntly 
under  investigation  [1].  It  is  of  value  to  consider  their  current 
application  in  discrete  devices,  which  utilize  the  full  range  of  bulk 
oxide  properties,  including  dielectric,  ferroelectric,  piezoelectric, 
electrostrictive,  pyroelectric,  optical,  electro-optic  and  magnetic 
properties,  as  well  as  electronic  and  ionic  conduction.  Applications 
include  multilayer  capacitors,  boundary  layer  capacitors,  varistors, 
PTC  devices,  NTC  devices,  gas  sensors,  radiation  detectors, 
temperature  sensors,  transducers,  switches,  shutters,  MHD 
electrodes,  fuel  cell  electrolytes,  concentration  cell  electrolytes,  and 
electrolytes  for  high  energy  density  batteries  [1]. 

In  reviewing  the  device  applications  mentioned  above,  it  is 
worth  noting  that  the  use  of  oxide  films  integrated  with 
semiconductors  has  been  limited  to  the  simple  oxides.  The  wide 


range  of  properties  which  are  available  via  the  multicomponent 
oxides  arc  currently  not  being  exploited  in  microelectronic  ctevices. 
The  reason  is  primarily  because  of  the  difficulty  in  reliably  producing 
device-quality  films  directly  on  large  semiconductor  substrates,  in  a 
way  that  is  fully  compatible  with  existing  semiconductor  process 
technology.  As  it  has  been  pointed  out  in  recent  reviews  [2],  these 
requirements  have  not  yet  been  met,  despite  studies  of  a  variety  of 
deposition  processes.  Various  vapor  phase  deposition  techniques 
{plasma  and  ion  beam  sputter-deposition  (PSD  and  IBSD 
respectively),  pulsed  laser  ablation  deposition  (PLD),  electron  beam 
or  oven-indued  evaporation  for  molecular  beam  epitaxy  (MBE),  and 
chemical  vapor  deposition  (CVD)]  have  been  applied  to  produce 
multicomponent  oxide  thin  films  (sec  refs.  [3-5]  for  recent  reviews). 

Currently,  a  large  part  of  research  efforts  on  multicomponent 
oxide  films  is  directed  at  establishing  suitable  synthesis/processing 
methods,  and  at  investigating  processing-microstructure-property 
relationships.  Physical  vapor-deposidon  techniques  are  among  the 
most  utilized  methods  currently  applied  to  the  synthesis  of 
ferroelectric  thin  films.  Plasma  sputter-deposidon  (PSD),  ion  beam 
sputter-deposition  (IBSD)  and  pulsed  laser  ablation-deposition 
(PLAD),  three  of  the  most  extensively  used  techniques  are  the 
subject  of  this  review. 

Plasma  Soutter-Deposirion:  Systems.  Ba.sic  Deposirion  Processes 
and  Films  Characierizarion 

Several  variadons  of  the  plasma  sputter-deposidon  technique 
have  been  developed  and  are  still  under  investigation  to  produce 
multicomponent  oxide  thin  films,  including  HTSC,  ferroelectric,  and 
electro-optic  materials.  The  development  of  plasma  sputter- 
deposidon  techniques  for  the  application  described  in  this  review  is 
being  done  with  a  view  at  using  them  not  only  in  research 
laboratories,  but  also  for  applications  in  the  industry  for 
manufacturing  thin  film-based  devices.  In  the  later  case,  the 
development  of  automated  systems  for  the  production  of  oxide  films 
in  an  integrated  deposition/proccssing  cycle  will  help  meet  the 
requirements  for  large  scale  integration  of  oxide  materials  in  the 
fabneation  of  oxide/semiconduaor  thin  film-based  devices. 

A  manufacturing  process  for  producing  multicomponent 
oxide  thin  films  should  at  least  include  the  following  characteristics: 
(1)  applicability  of  the  processes  to  deposition  of  materials  with 
dif^ferent  physical  and  chemical  properties,  (2)  compatibility  with 
integrated  device  processing,  which  includes  production  of  as- 
deposited  films  with  specific  microstructures  (perovskite,  for  HTSC, 
ferroelectric  and  electro-optic  materials)  on  substrates  at  the  lowest 
possible  temperature,  (3)  production  of  device-quality,  epitaxial 
films  with  s.necific  properties  (high  transition  temperature  Tc  and 
critical  curre.tts,  for  HTSC  thin  films;  high  electrical  polarizability  for 
ferroelectric  materials;  or  high  light  transmission  coefficients  for 
electro-optical  thin  films)  (4)  simple  and  low  cost  deposition  with 
capacity  for  high  deposition  rates,  (5)  ability  to  produce  patterned 
structures,  superlattices  and  layered  heterostructures,  and  (6) 
reproducibility  of  the  deposition  process. 

Basic  phenomena  occurring  during  the  interaction  of  plasmas 
with  the  targets  and  substrates,  used  to  synthesize  films,  are 
important  in  that  they  can  determine  to ee  extent  the  composition, 
microstnicture  and  properties  of  t:>e  (  ms.  Therefore,  a  brief 
discussion  of  basic  plasma-material  vr.craction  and  transport  of 
species  through  the  plasma  is  presented  when  describing  the  plasma 
:;pi:tter  deposition  technique.  A  more  extensive  review  can  be  found 
elsewhere  [6].  It  is  impossible  to  cite  all  the  literature  in  this  rapidly 
growing  field  of  research;  therefore,  only  representative  references 
are  cited.  In  addition,  the  discussion  of  plasma  sputter-deposition  of 
ferroelectric  thin  films  is  limited  to  the  lead-titanate  family  of 
materials. 
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Plasma  Spuner-Etenosition  Systems  and  Related  Phenomena 

In  most  plasma  processing  techniques  16],  deposition  of 
ferroelectric  films  is  achieved  by  sputtering  targets  exposed  to  a  dc 
or  rf  plasma  discharge  generated  in  a  high  vacuum  chamber  back¬ 
filled  with  an  inert  (comimonly  Ar)  or  oxidant  (generally  O2)  gas,  or  a 
mixture  of  both,  to  a  pressure  of  0.5-170  mTorr  (dc  or  rf  diode 
sputtering,  or  magnetron  sputtering).  Most  studies  on  plasma 
sputter-deposition  of  ferroelectric  films  have  been  performed  in  the 
5-50  mTorr  pressure  range.  Various  target- substrate  geometries  have 
been  used  as  knowledge  on  plasma-target/substrate  interaction  effects 
progressed,  revealing  the  existence  of  phenomena  that  can  strongly 
affect  the  film  deposition  process.  For  example,  the  most  common 
geometry,  initially  used  to  deposit  HTSC  and  ferroelectric  thin  films, 
consisted  of  a  multicomponent  oxide  target  facing  a  substrate  such 
that  both  surfaces  were  parallel  to  each  other  with  typical  separadons 
of  2  to  10  cm  (see  Fig.  1  for  example).  The  initii  work  on  HTSC 
and  ferroelectric  thin  film  synthesis,  involving  mainly  the  magnetron 
sputtering  technique  and  bulk  HTSC  targets  (Fig.  I ),  immediately 
revealed  several  problems  in  relation  to  controlling  the  film 
stoichiometry;  (a)  the  well  known  preferential  sputtering 
phenomenon  occurring  during  ion  bombardment  of  muldcomponeni 
materials,  particularly  oxides,  can  alter  the  surface  composidon  of  the 
target  and  result  in  films  with  different  stoichiometry  than  that 
characteristic  of  the  target;  (b)  the  development  of  an  ion 
bombardment-induced  surface  topography  can  affect  the  sputtered 
flux  and  consequently  the  film  thickness  and  composidon  uniformity; 
(c)  the  impact  of  plasma  ions  on  muldcomponent  oxide  targets  results 
in  the  emission  of  a  large  amount  of  O'  ions,  which  are  accelerated 
by  the  plasma  sheath  in  front  of  the  target,  acquiring  enough  kinetic 
energy  to  produce,  upon  impact  on  the  films,  resputtering  and 
composiuonal  changes  ("negadve  ions  effect”)  (7,  8|;  (d)  in  addidon 
to  the  "negadve  ion  effects,  films  are  also  bombarded  by  secondary 
electrons  emitted  from  the  oxide  targets,  and  these  electrons  can  also 
produce  composidonal  alterations  through  the  well  known  electron 
bombardment-induced  oxide  breakdown  phenomenon. 


deposition  rate.  This  latter  factor  can  be  reduced  by  as  much  as  two 
orders  of  magnitude,  which  may  represent  an  unc^irablc  situation 
for  commercial  applications  of  this  deposition  technique.  Other 
researchers  [12]  have  investigated  various  methods  (Fig.  3)  for 
minimizing  the  bombardment  of  growing  films  by  secondary 
electrons  and  ions  emined  from  the  target. 


/ 


Figure  2.  Sketch  of  an  unconvendonal  geometrical  arrangement  of 
substrates  out  of  the  main  stream  of  sputtered-ncutralized  negative 
ions  to  minimize  the  plasma-induced  negative  ion  effect  in  plasma 
sputter-  deposition  of  ferroelectric  films  (Roy  et  al.  [7]). 
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Figure  1.  Cross-sectional  view  of  a  magnetron  sputtering  system  for 
deposition  of  multicomponent  oxide,  including  ferroelectric  thin 
films,  by  sputtering  of  a  multicomponent  oxide  target. 

A  number  of  different  methods  have  been  implemented  in 
order  to  control  the  negative  ion  and  electron  bombardment  effects.  A 
straightforward  method  is  to  increase  the  plasma  pressure  such  that 
the  energy  of  the  neutralized  negative  ions  is  reduced,  by  multiple 
collisions  with  plasma  species,  until  it  is  below  the  energy  necessary 
to  resputter  the  growing  film  [9].  A  second  means  of  obtaining  the 
appropriate  film  stoichiometry  is  to  modify  the  target  composition  in 
oi^r  to  compensate  for  the  preferential  sputtering  associate  with  the 
negative  ion  effect  [10].  This  method  is  time-consuming  and 
somewhat  unreliable  since  any  change  in  processing  parameters  may 
alter  the  final  film  stoichiometry.  Unconventional  sputtering 
geometries,  in  which  the  substrate  is  not  subject  to  ion  impact 
(termed  "off-axis  sputtering.  Fig.  2  [7,  11]),  may  ameliorate  the 
negative  ion  effect,  at  the  cost  of  film  thickness  uniformity  and 


Figure  3.  Methods  for  minimizing  or  eliminating  secondary  electron 
and/or  ion  bombardment  of  growing  oxide  films  in  plasma  sputter- 
deposition  (Terada  et  al.  [12]). 

To  overcome  the  various  problems  related  to  the  use  of 
multicomponent  oxide  targets,  various  groups  have  used  elemental 
metals  (Pb,  Zr,  Ti),  or  their  oxides  (PbO,  Zr02,  TiC)2),  for 
example,  in  multitarget  arrangements,  where  each  material  constitutes 
a  cathode  of  a  magnetron  sputtering  system.While  this  method 
addresses  the  issue  of  preferential  sputtering  and  the  "negative  ion 
effect",  other  problems  are  raised.  Simultaneous  sputter-deposition 
from  elementid  target  materials  exposed  to  independent  magnetron 
sources  may  lead  to  compositionally  inhomogeneous  films.  Because 
the  targets  are  located  in  different  positions,  the  overlapping 
deposition  fluxes  will  not  be  identical  at  all  points  on  the  substrate 
[14].  This  mav  Dre.sent  a  problem  in  relation  to  coverage  of  large 
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areas  with  films  of  unifonn  stoichiometry  and  thickness,  since 
fabrication  of  HTSC  thin  film-based  devices  will  require  processing 
of  single  large  wafers  (>  5  inches).  One  method  to  improve 
compositional  homogeneity  with  multiple  sources  is  to  increase  the 
substrate  to  target  distance,  but  this  results  in  a  very  inefficient  use  of 
target  materials.  An  alternative  is  to  maintain  a  fixed  substrate-target 
geometry  by  moving  the  substrate  sequentially  into  position  in  front 
of  each  fixed  source  and  alternately  depositing  thin  layers  of  each 
material. 


Both  single  multicomponent  oxide  and  multiple  elemental 
metallic  targets  have  been  used  to  synthesize  a  wide  range  of 
ferroelectric  materials  in  thin  film  form,  including  BaTiOy  (BTO)113- 
151,  PbTiOt  (FfOillbl,  Pbi.J.axTii.x/403  (PLTO)ll71,  PbZri. 
xTixO^  (PZT)  (18i,  and  Pbi  x/iO()Lax/i(K)<Zry/i(X)Ti/yioo)i-x/40o03 
(PLZT)  119).  Due  to  space  limitations,  only  the  work  on  the  Pb^ 
based  family  of  materials  is  reviewed  in  some  detail  in  this  paper, 
and  only  a  brief  discussion  of  laser  ablation-deposition  of  other 
ferroelectric  thin  films  is  presented. 

lijima  et  al.  |  lb)  demonstrated  that  highly  c-axis  oriented 
pro  thin  films  (98%  of  the  film  had  the  c-axis  oriented  perpendicular 
to  the  substrate  surface)  can  be  produced  by  r.f.  magnetron 
sputtering  only  when  using  low  deposition  rates  (<  20  Aymin),  low 
gas  pressure  (~  7  x  10'3  Torr),  and  PbO-nch  targets  (see  Table  1). 
According  to  lijima  et  al.  1 16|,  high  gas  pressures  in  the  magnetron 
system  would  increase  the  sputtering  rate  because  of  the  production 
of  a  larger  amount  of  ions  in  the  pla.sma,  but  at  the  .same  time  would 
decrease  'he  mean  kinetic  energy  of  the  sputtered  species  arriving  at 
the  substrate,  due  to  collisions  with  the  plasma  species.  A  reduced 
kinetic  energy  of  the  depositing  species  would  result  in  a  lower 
mobility  on  the  substrate  surface  at  the  deposition  tempierature.  The 
combination  of  high  sputtering  rate  (hence  high  deposition  rate)  and 
low  mobility  of  the  depositing  species  would  tend  to  inhibit  the 
epitaxial  growth  of  the  film.  The  work  of  lijima  et  al.  1 16| 
demonstrates  the  importance  of  controlling  the  deposition  parameters 
to  optimize  certain  film  properties  for  particular  device  applications. 
In  the  case  of  the  FfO  films  diseased  above,  the  main  objective  was 

to  minimize  the  relative  dielectric  constant  Cr  and  maximize  the 
pyroelectric  coefficient  y.  to  maximize  the  figure  of  merit  Fy  =  y/Ef  tv 
(Cy:  volume  specific  heat)  for  application  of  PTO  films  as  pyroelectric 
infrared  sensors,  TTie  parameter  Cr  was  minimized  and  g  maximized 
by  growing  highly  c-axis  oriented  films  ( 16|.  Similar  work  on  PLTO 
[171  demonstrated  that  an  accurate  control  of  dopants  introduction  in 
the  films  is  also  necessary  to  achieve  optimized  film  properties 
tailored  for  a  particular  application. 

Saycr  et  al.  demonstrated  that  magnetron  sputtering  can  be 
used  to  produce  PZT  films  with  controlled  stoichiometry  and 
properties,  utilizing  metallic  elemental  targets  1 18|.  ITiey  de.signed  a 
disk-shaped  tiU'get  consisting  of  several  sectors  of  the  Pb,  Zr,  and  Ti 
1 20],  in  which  they  could  change  the  size  of  the  targets  to  control  the 
amount  of  each  material  deposited  on  the  substrate  at  a  particular 
temperature.  They  performed  extensive  studies  of  the  basic  plasma- 
target-substrate  interaction  phenomena  and  their  effects  on  the 
deposition  processes.  These  investigations  120]  revealed  that  the 
growth  of  stoichiometric  highly  oriented  films  with  good  electrical 
properties,  by  their  particular  magnetron  sputter-deposition  method, 
is  governed  by  three  main  processes:  (a)  formation  of  a  reproducible 
oxide  layer  on  the  target  surface,  (b)  the  stability  of  oxide  species 
formed  during  transport  through  the  plasma  towards  the  substrate, 
and  (c)  the  nucleation  and  growth  of  the  film  on  the  substrate 
surface.  Sayer  et  al.  observed  that  in  order  to  tibtain  PZT  films  with 
good  stoichiometry,  microstructure,  and  electrical  properties  they 
needed  to  use  relatively  high  gas  pres.sure  of  pure  oxygen  (~  3  x  l(P 
Torr)  and  a  target- substrate  distance  of  approximately  10  cm. 
Computer  simulations  of  the  transport  of  sputtered  species  in  the 
plasma  and  experimental  measurements  of  deposition  rate  vs.  gas 
pre.s.sure  and  film  composition  vs.  substrate-target  distance  indicated 
that  complex  plasma-surface  interaction  and  material  transport 
proces.ses  control  many  of  the  film  characteristics  j  1 8  j.  For  example, 
the  metallic  species  sputtered  from  the  Pb,  Zj',  and  Ti  targets  undergo 
multiple  collisions  with  the  plasma  species  and  among  themselves 
during  transport  to  the  substrate.  The  collisions  serve  to  thermalize 


and  mix  the  sputtered  species.  Once  the  sputtered  species  are 
tbermalized,  they  reach  the  substrate  by  diffusion  through  the 
plasma.  However,  the  diffusional  fronts  of  Pb,  Zi,  and  Ti  or  their 
oxide  species  are  formed  at  different  distances  from  the  target  [181, 
which  have  a  direct  influence  on  the  deposition  profiles  and 
composition  of  the  resulting  films. 

Sayer  et  al.  were  unable  [18]  to  produce  as-deposited  PZT 
films  at  the  temperature  need^  (550-600  'C)  to  produce  the 
perovskite  structure,  mainly  because  of  poor  control  on  the  slicking 
coefficient  of  Pb  and  the  reaction  on  the  substrate  surface.  Theiefoie, 
films  were  synthesized  at  200-250  ’C  and  subsequently  annealed  in 
air  at  550  *C  for  10-20  hrs.  X-ray  diffraction  of  as-deposiied  films  at 
200-250  'C  revealed  a  (100)  peak  characiensiic  of  ihe  massicot  or 
litharge  phases  of  PbO,  which  indicated  that  the  as-deposited  film 
contained  crystalline  PbO  grains,  while  the  ZiO;  and  liC);  seemed  to 
be  deposited  in  an  amorphous  form.  Annealing  of  the  as-deposited 
films  resulted  in  struciural  transformations  at  about  4,50  ’C,  w  hich 
lead  to  a  tetragonal  or  rhombohedral  structure  at  550  ‘C  depending 
on  the  Zr:Ti  ratio  in  the  film  (rhombohedral  for  Zr:l  i  =  58M2.  and 
tetragonal  for  Zr:Ti  =  45/55).  The  surface  topography  of  the  films 
depended  strongly  on  the  annealing  temperature  and  cooling  time, 
with  rapid  cooling  leading  to  film  cracking  and  hillock  fonnation, 
depending  strongly  on  the  slate  of  stress  of  the  films  [  1 8|,  while  long 
time  annealing  (20  hrs.)  and  very  slow  cooling  resulted  in  smooth 
films  with  practically  no  hillock  formation.  Expenmenis  involving 
annealing  at  different  temperatures  revealed  that  the  lattice  strain  of 
the  films  was  reduced  from  -0.0 1  to  -0.001  as  the  annealing 
temperature  increased  from  450  ’C  to  700  'C.  The  elecirical 
properties  of  the  PZT  films  produced  by  magnetron  sputter- 
deposition  of  metallic  targets  [18|  are  presented  in  Table  1, 
Generally,  good  electrical  properties  were  obtained  for  the  films 
deposited  under  the  optimized  conditions  described  above.  It  is 
interesting  to  notice  that  other  researchers  have  also  produced  good 
quality  PZT  films  by  magnetron  sputter-deposition  of  multi  element 
metal  targets  (211. 

Adachi  el  al.  were  able  to  growth  epitaxial  PLZT  films  on  c- 
plane  sapphire  with  epitaxial  relations  (111  )PLZT  //  ((KK)1 )  sapphire 
and  mO)  //  jlOiOl  sapphire,  by  planar  magnetion  sputter-deposition 
involving  powder  pressed  PLZT  targets  of  various  compositions  tscc 
Table  1)  [19).  They  also  determined  that  the  film  stoichiometry  is 
largely  controlled  by  the  Pb  incorporation  into  the  films,  which  in 
their  particular  experiments  appeared  to  be  independent  of  the 
deposition  rate.  Adachi  et  al.  also  observed,  as  most  other 
researchers,  that  films  deposited  at  temperatures  <  551)  "C  presented 
a  pyrochlorc  structure,  although  in  Adachi  et  al  s  case  the  films 
appeared  to  be  remarkable  rich  in  Pb  content.  Stoichiometric  PLZT 
was  obtained  at  substrate  temperatures  above  5.50  "C  1 19)  for  the 
case  in  which  the  films  were  Pb-rich.  On  the  other  hand,  epitaxial 
PLZT  stoichiometric  films  were  produced  with  the  same  magnetron 
sputtering  system  at  about  4,50  'C  by  using  a  PLZT  (28/()/I(X))  target 
with  a  reduced  Pb  content  1 19).  This  later  result  of  Adachi  et  al.  )  19) 
seems  to  disagree  with  the  work  of  Ishida  et  al.  |22|  and  Okada  |231, 
whom  needed  a  Pb-rich  PLZT  target  to  prixluce  stoichionK'tric  PLZT 
films  with  a  conventional  diode  sputtering  system.  Based  on  the 
worit  of  Sayer  et  al.  di.scu.s.sed  above  )  18).  related  to  the  control  of 
Pb  incorporation  in  the  fi'ms  due  to  transport  processes  in  the 
plasma,  the  leemingly  contradictory  results  of  Adachi  et  al  ( 19)  and 
Ishida  et  al.  |22|  may  be  explained  in  leniis  of  different  transport 
processes  in  the  plasma.  In  the  ditxle  sputtering  system  |22|,  the 
higher  gas  pressure  needed  may  reduce  the  cranspon  of  Pb  towtirds 
the  substrate,  and  therefore  a  larger  supply  of  Pb  from  the  target  may 
be  needed.  On  the  other  hand,  the  magnetron  sputtering  system  used 
by  Adachi  et  al.  |19)  requires  lower  gas  pressure  to  sustain  the 
plasma,  which  would  result  in  a  more  effective  transpon  of  Pb,  and 
therefore  a  less  enriched  Pb  target  would  be  needed  to  incorporate  the 
required  Pb  content  in  the  film. 

The  limited  discussion  presented  above  indicates  that  the 
geometry  and  deposition  conditions  play  fundamental  roles  in  the 
synthesis  of  ferroeiectric  thin  films  by  plasma  sputter-deposition. 
Unfortunately,  there  is  not  enough  systematic  data,  particularly 
related  to  the  sputtering,  transport  and  deposition  processes,  for 
many  of  the  ferroelectric  materials  being  investigated  to  synthesize 
films.  Therefore,  further  work  is  necessary  to  dctemiine  the  optimum 
conditions  needed  to  produce  films  of  different  femx’leciric  niaienals 
with  the  best  composition,  rnicrostructure.  and  properties 


Table  la  Deposition  /  processing  conditions  and  compositional  and  microsmictural  characienzation 
of  feiroelectric  thin  films  produced  by  plasma  sputter-deposition 
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Table  lb  Deposition  /  processing  conditions  and  electrical  characterization  of  ferroelectric  thin 
films  produced  by  plasma  sputter-deposition. 
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Ion  Beam  Sputter-Deposition:  Systems.  Basic  Detxisition  Processes 
and  Film  Characterization 

Ion  beam  sputter-deposidon  (IBSD)  of  multicomponent  oxide 
films  has  been  less  extensively  used  than  plasma  sputter-deposition. 
II?-A  evcr,  this  method  is  well  suited  for  deposition  of  oxide  films, 
as  recently  demonstrated  by  various  groups,  which  synthesized 
HTSC  [2],  ferroelectric  [24-26],  and  electro-optic  [24]  thin  films. 
The  IBSD  technique  is  a  suitable  alternative  to  plasma  sputter- 
deposition,  because  many  of  the  undesirable  effects  (substrate 
bombardment  by  energetic  negative  ions  and  electrons,  impurity 
introduction  ;  ■>  films  from  plasma-wall  interaction  in  the  deposition 
chamber,  etc.)  already  discussed  for  the  later  method  are  not  present 
or  are  much  smaller  in  the  ion  beam  sputter-deposition  case. 

The  IBSD  deposition  method  was  used  for  synthesizing 
multicomponent  oxide  thin  films  as  early  as  in  1979,  when 
Castellano  and  Feinstein  used  this  technique  to  produce  PZT  thin 
films  [27].  A  major  problem  with  the  IBSD  method  as  applied  by 
Castellano  and  Feinstein  was  that  they  used  PZT  hot  press^  oxide 
targets,  which  were  exposed  to  an  Ar*'  ion  beam  directed  at  ~  45  ' 
with  respect  to  the  target  surface  normal.  Apparently,  these 
re.seaTchers  were  not  aware  of  problems  such  as  preferential 


sputtering  of  multicomponent  oxides,  that  results  in  alterations  of 
target  surface,  hence  filrn  composition;  nor  about  extensive  scattcaing 
of  low  mass  ions  (Ar)  on  heavy  mass  targets  (Pb,  Zr),  which  leads 
to  resputtering  of  the  films  as  well  as  ion  bombardment-induced 
damage  and  incorporation  of  gas  intr  the  films.  These  phenomena 
were  studied  recently  in  detail  [28,  29!  and  a  brief  discussion  about 
them  is  presented  below.  Because  these  processes  were  not  properly 
recognized  by  Castellano  and  Feinstein,  it  was  difficult  for  them  to 
control  of  the  F’ZT  films  composition  and  microstructure,  which 
resulted  in  films  with  relatively  poor  electrical  properties  (see  Table 
2a  and  2b).  In  relation  to  ion  beam-target/substratc  interaction 
effects,  early  work  on  IBSD  of  HTSC  films  also  involved  the 
utilization  of  ion  beams  under  rather  uncontrollable  conditions  to 
sputter  YBa2Cu307.x  bulk  superconductor  targets,  which  resulted 
in  films  with  uncontrolable  composition,  microstructure,  and 
properties. 

More  recently,  a  computer  controlled  IBSD  technique  has 
been  developed  by  Auciello  et  al.  [30,  31],  which  involves  a  series 
of  unique  design  features  described  below: 

(1)  A  high  current  broad  ion  beam  is  directed  at  near  normal 
incidence  with  respect  to  the  target  (see  Fig.4).  Fundamental  studies 
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on  ion-solid  interactions  have  revealed  that  the  opdmum  geometry 
depends  on  the  bombarding  ions  mass  and  kinetic  energy,  and  the 
mass  of  the  sputtered  atom  being  deposited  onto  the  substrate 
128,29], 

(2)  A  rotating  target  holder  driven  by  a  computer-controlled  stepper 
motor  serves  to  sequentially  position  elemental  material  (or  their 
single  oxide)  targets  in  front  of  the  sputter-beam  (Fig.  4). 

(3)  A  QCB  (Fig.  4)  measures  the  amount  of  each  elemental  material 
deposited  and  sends  a  feedback  signal  to  the  computer  when  the  pre¬ 
programmed  necessary  amount  of  an  element,  to  produce  a  desired 
film  composition,  is  reached.  The  QCR  feedback  signal  activates  the 
computer  for  shutting  off  the  ion  beam  while  rotating  the  target 
holder  to  position  the  next  target  under  the  beam. 

(4)  Various  computer-operated  controls  are  especially  programmed 
into  the  computer  [30,  31]  to  regulate:(a)  the  introduction  of 
processing  gases  ( oxygen  for  example)  into  the  target  chamber  or  in 
a  sub-eV  atomic  or  energetic  ion  beam  source  directed  at  the 
substrate,  (b)  the  interposition  of  shutters  or  masks  between  targets 
and  substrates,  (c)  the  substrate  temperature,  including  rump-up  and 
down  cycles,  and  (d)  other  processing  steps. 

The  potential  of  this  technique  has  recently  been 
demonstrateu  by  producing  superconducting  YBa2Cu307.x  132], 
ferroelectric  PZT  [241  and  electro-optic  KNb03  |24'|  films  with 
controlled  composition,  microstructure,  extremely  smooth  surfaces, 
and  good  electrical  properties  (see  Table  2a  and  2b).  In  addition,  it 
has  ^n  recently  demonstrated  that  the  automated  IBSO  technique 
described  above  can  produce  multicomponent  oxide  thin  films  with  < 
*0.2-1%  composition  and  thickness  uniformity  across  10  cm 
substrates  [25].  Comprehensive  experimental  and  computer 
simulation  studies  performed  in  our  laboratory  [28,  29|  were 
undertaken  in  wder  to  achieve  a  good  understanding  of  the  processes 
involved  in  the  IBSD  technique.  Those  studies  [28,  291  'vere  the 
bases  for  optimizing  the  IBSD  method.  Briefly,  the  studies 
mentioned  above  have  shown  that  light  ions  suc^  as  Ar*  impacting  at 
45®  with  respect  to  the  target  surface  normal  result  in  an  undesirably 
high  scattered  ion  flux,  involving  species  with  energies  in  the 
hundreds  of  eV  range,  when  the  ions  impacting  on  the  target  have 
energies  in  the  range  of  1000-1400  eV.  The  flux  of  neutralized 
scattered  ions  from  £e  target  is  directed  at  the  substrate,  which  leads 
to  a  deleterious  erosion  of,  and  gas  incorporation  into  the  growing 
film.  It  was  found  that  by  using  Kr*  or  Xe*  ions,  the  scattered  ions 
effect  can  be  minimized  or  eliminated  [28,  29).  Additionally,  A 
mapping  of  the  sputtered  flux  angular  distribution  was  obtained  and 
successfully  used  to  optimize  the  deposition  geometry. 

Other  groups  have  developed  ion  beam  sputter-deposition 
techniques  involving  the  use  of  various  beams  to  sputter  elemental 
materids  from  different  spatial  locations  and  simultaneously  deposit 
them  onto  an  appropriately  situated  substrate  [26|.  However,  the 
automated  ion  beam  sputter-deposition  method  described  above  has 
various  advantages  over  those  featuring  multipie  ion  beams,  namely: 

(a)  The  use  of  only  one  ion  beam  simplifies  hardware  design  and 
reduce  cost,  particularly  when  producing  films  with  more  than  three 
components.  This  makes  computer  control  more  manageable  and 
avoids  having  to  accurately  control  various  ion  beam  currents 
simultaneously. 

(b)  The  sputtered  fluxes  of  all  elemental  target  materials  originate 
from  the  same  spatial  location  in  the  computer-controlled  single  ion 
beam  system,  which  should  contribute  to  the  production  of  more 
uniform  films  across  the  substrate  surface  both  in  thickness  and 
composition. 

(c)  The  ion  scattering  fluxes  and  angular  distributions  of  the 
sputtered  fluxes  may  be  more  easily  controlled  in  the  single  ion  beam 
system. 

(d)  The  geometry  of  the  single  ion  beam  system  permits  the 
installation  of  oxygen  sources  directed  at  the  substrate,  and  focused 
beams  for  in-sim  ion,  electron,  or  laser  beam-induced  patterning. 

Compared  with  the  plasma  sputter-deposition  techniques,  the 
ion  beam  method  offers  the  following  advantages: 

(a)  A  much  lower  partial  pressure  of  impurities  in  the  target 
chamber  during  deposition,  since  the  focused  beam  can  be  made  to 
mainly  interact  with  the  target,  contrary  to  the  plasma  sputtering 
case,  where  the  plasma  has  a  rather  strong  interaction  with  the  target 
chamber  walls. 


(b)  Controllability  of  the  ion  angle  of  incidence  with  respect  to  the 
target  surface,  and  bener  control  of  the  ion  current  and  energy  . 

(c)  No  negative  ion  bombardment  of  the  growing  film  as  in  the 
plasma  sputter-deposition  case,  which  requires  extra  anention  in 
relation  to  the  target-substrate  relative  positioning. 


Figure  4.  Schematic  of  the  automated  ion  beam  sputter-deposition 
system  developed  by  Auciello  et  al.  (30,  31  j. 

The  automated  IBSD  technique  desenbed  above  has  been 
used  to  demonstrate  the  feasibility  of  producing  device-quality 
Pb(2i\-\,  Ti  ,)03  (PZT)  thin  films.  PZT  was  selected  because  of  its 
technological  importance,  and  the  known  difficulty  associated  with 
the  synthesis.  The  results  may  be  grouped  as  follows: 

Processing:  Conditions  have  been  determined  for  obtaining  single 
phase  PZT  with  perovskite  structure.  At  low  processing 
temperatures,  a  deleterious  "pyrochlore"  phase  is  commonly 
obtained.  We  have  shown  that  perovskite  phase  formation  can  be 
achieved  through  strict  control  of  A:B-site  ca'ion  ratio,  via  the 
substrate  temperature,  oxygen  partial  pressure,  and  composition  of 
the  fluxes  |34|.  It  has  become  clear  that  the  lead  oxide  sticking 
coefficient  is  strongly  po  and  substrate  temperature  dependent  at  the 
process  temperatures  generally  used.  It  should  be  noted  that  we  have 
achieved  deposition  of  PZT  films  with  good  propenies  at  substrate 
temperatures  as  low  as  480°C,  with  no  subsequent  annealing.  This 
is  signific  '.!y  lower  than  process  temperatures  reponed  by  other 
researchers  ,  and  represents  an  advantage  for  integrated  devices. 

We  have  also  observer,  tnat  the  tendency  for  "pyrochlore” 
formation  is  strongly  influenced  by  the  choice  of  the  substrate.  This 
effect  requires  further  study. 

Microsiructures:  A  significant  effort  has  been  focused  on  the 
development  of  heieroepitaxial  fer.'oelectric  films.  The  primary 
studies  were  on  films  deposited  upon  single  crystal  (I()0)MgO 
substrates.  The  lattice  mismatch  is  -5%  versus  I^ZT  near  the 
morphotrophic  boundary  (PbZro.sTio.sO^),  and  this  mismatch  is 
accommodated,  not  by  partial  misfit  dislocations,  but  rather  via  small 
angle  tilt  and  twist  of  the  film  lattice  with  respect  to  that  of  the 
substrate.  This  results  in  films  which  are  best  described  as 
"topotactic",  containing  grains  20-50  nm  in  diameter,  connected  via 
low  angle  boundaries  of  0-2°  (see  Fig.  5).  The  grains  retain  a  3- 
dimensional  relation.ship  with  respect  to  the  substrate  lattice,  as 
confirmed  by  cross-sectional  and  plan  view  SAD  in  the  TEM.  The 
films  diffraction  spots,  however,  show  a  characteristic  elongation 
corresponding  to  the  0-2°  tilt  (or  twist)  (35|.  It  is  important  to  note 
that  no  ferroelectric  domain  walls  are  observed  in  these  films;  each 
grain  is  single  domain.  The  described  microstructure  may  be 
responsible  for  the  relative  good  electrical  properties  ob.served  in  the 
first  films  produced  with  the  automated  IBSD  method.  In  order  to 
measure  the  propierties  of  "epitaxial"  PZT  films  in  a  standard  MIM 
configuration,  we  developed  procedures  for  deposition  of  epitaxial 
(lOO)Pt  metal  films  on  MgO(lCK))  substrates.  There  is  an 
approximately  6.8%  mismatch  between  Pt  and  MgO,  and  <1% 
between  Pt  and  PZT.  Surprisingly,  the  mismatch  between  the  Pt 
film  and  the  substrate  .seems  to  be  accommodated  by  the  more  usual 
dislocation  mechanism,  while  the  close  match  between  PZT  and  Pt 
indicates  that  the  previously  described  tilt/twist  accommodation 
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mechanism  may  not  occur.  Thus  the  microstructures  no  longer  have 
the  characteristic  low  angle  boundaries.  We  are  therefore  currently 
exploring  the  ferroelectric  domain  structure,  by  TEM,  but  x-ray 
diAfaction  indicates  that  the  polarization  directions  are  normal  to  the 
film  plane  (only  (001)  no  (hOO)  reflections  are  observed).  Properties 
are  described  in  (c),  below. 


Figure  5.  HRTEM  micrograph  of  an  ion  beam  sputter-deposited 
epitaxial  PZT  film  containing  low  angle  tilt  and  twist  grain 
boundaries. 

We  have  also  studied  other  microstructural  defects  in  the 
perovskite  films.  We  have  observed  (221)-type  growth  twins, 
which  appear  to  nucleate  from  (1 10)  slip  steps  on  the  MgO  surface 
(36).  These  can  be  eliminated  by  appropriate  substrate  pretreatment 
(36).  We  have  also  observed  inversion  domain  boundaries  in 
KNb03  films,  but  not  in  PZT  films.  It  is  not  clear  at  this  time  the 
reasons  for  the  different  microstructures  in  the  films  mentioned 
above,  and  therefore  funher  investigation  is  needed.  The  issue  is 
important ,  as  these  fixed  subgrain  boundaries  will  have  an  effect  on 
the  mobility  of  the  ferroelectric  domain  walls 

Properties:  Good  ferroelectric  and  dielectric  properties  have  been 
achieved  for  the  PZT  films  synthesized  by  the  in-situ  automated  ion 
beam  sputter  deposition  technique.  Typical  values  for  90  nm  thick 
films  are  as  follows:  Pmax  ~50  pC/cm^;  Pr  -20  pC/cm^;  Ec  -1. 1x10^ 
V/m;  Keff  -1300,  resistivity  -IxlO'^Wcm,  A  comment  should  be 
made  about  the  relatively  large  value  for  the  coercive  field,  Ec.  First, 
the  films  we  produce  are  extremely  thin,  typically  60- 1 50  nm,  and  E^ 
is  known  to  increase  with  decreasing  film  thiclmess.  However,  the 
films  are  expected  to  show  switching  behavior  which  more  closely 
resembles  single  crystal  than  polycrystalline  material.  However, 
coercive  fields  for  free  single  crystals  are  usually  low,  and  we 
therefore  deduce  that  constraint  imposed  by  the  substrate  lattice 
markedly  increases  Ec. 

Measurements  of  conductivity  and  ferroelectric  fatigue  of  the 
PZT  films  produced  by  the  automated  IBSD  method  have  shown  that 
the  films  display  characteristic  hopping  conduction  [38|,  and  that 
fatigue  results  in  only  a  loss  of -50%  in  Pr  out  to  10^  cycles.  These 
fatigue  results  are  extremely  encouraging.  The  fatigue  characteristics 
are  very  similar  to  those  obtained  for  polycrystalline  PZT  films  of 
170  nm  thickness  (37).  The  implication  is  that  the  hetcroepitaxial 
films  do  not  display  markedly  improved  fatigue  behavior  over 
polycrystalline  ones  (on  Pt  electrodes). 

Electrode  effects:  The  nature  of  a  bottom  electrode  can  have  a 
significant  effect  on  the  microstructurc  and  properties  of  a  PZT  film. 
We  have  conducted  extensive  comparison  tests  of  a  number  of 
potential  lower  electrodes,  including  Pt/MgO,  Pt/Si02/Si, 
PtTTi/SiOySi,  Ru02/Si02/Si,  TiN/MgO,  TiSi2/Si,  CoSi2/Si,  and 
several  others.  These  studies  have  included  examination  by 
transmission  electron  microscopy  (TEM),  high-resolution  and 
analytical  TEM,  X-ray  diffraction,  scanning  electron  micioscopy. 
Auger  depth  profiling,  and  Rutherford  back  scattering.  Some  of 


these  results  were  reponed  at  three  recent  conferences  and  in  a  paper 
currently  in  press  {37).  Some  of  the  phenomena  discovered  m  our 
studies  on  electrodes  include:  a)  the  rapid  diffusion  of  lead  beneath 
platinum  films  on  silicon  dioxide;  b)  strong  interdiffusion  of  PZT 
films  and  some  substrates,  including  TiN  and  silicidcs;  c)  the 
deformation  of  platinum  films  during  anneals,  including  the 
formation  of  potentially  disastrous  hillocks  which  can  penetrate 
through  the  PCT  film. 

One  of  the  main  advantages  of  the  ion  beam  sputter- 
deposition  technique  is  its  capability  for  independent  control  of  the 
energy,  current  and  angle  of  incidence  of  the  ion  beam  on  the  target. 
In  ad^tion,  dual  ion  beam  systems  can  be  easily  implemented  in 
such  a  way  that  a  secondary  ion  can  be  independently  dire<  ted  at  the 
substrate  in  order  to  produce  ion-assisted  growth.  In  'his  respect,  it 
has  been  demonstrated  in  recent  years  that  controlled  ion 
bombardment  of  growing  films  can  be  used  to  tailor  different 
deposition  processes  as  well  as  mechanical,  microstructural, 
physical,  and  chemical  properties  of  the  films  [39]  Processes  and/or 
properties  that  can  be  affected  include:  (a)  surface  reaction  rates;  (b) 
active  gas  incorporation  into  the  films,  such  as  oxygen  in  high 
temperature  superconductor  (HTSC)  or  ferroelectric  (FE)  and 
electro-optic  (EO)  materials;  (c)  film  sticking  coefficient;  (d) 
nucleation  and  growth  kinetics;  (e)  interdiffusion  rates  at  homo-  and 
heterojunction  interfaces;  (0  microstructure;  (g)  stress;  (h)  and 
electrical  conduction.  Currently,  ion  assisted  deposition  (lAD)  is 
being  used  in  conjunction  with  different  vapor-phase  deposition 
techniques  such  as  plasma  and  ion  beam  sputter-deposition  (PSD  and 
IBSD)  139],  electron  beam  evaporation  (EBE),  and  molecular  beam 
epitaxy  (MBE).  Advantages  of  lAD  schemes  characteristic  of  the  ion 
beam-assisted  sputter-deposition  (IBASD)  technique,  which  are  not 
commonly  shar^  by  other  deposition  techniques,  include; 

(1)  The  possibility  of  easy  independent  control  of  the  energy,  ion 
flux  density,  and  angle  of  incidence  of  both  the  primary  ion  beam  on 
the  target  and  the  secondary  ion  beam  on  the  substrate,  which  gives 
great  flexibility  for  controlling  synthesis  and  in-situ  processing  of 
films. 

(2)  The  possibility  of  attaining  a  lower  background  pressure  in  the 
deposition  chamber  that  can  advantageously  used  to  control  the 
deposition  process. 

(3)  The  creation  of  ions  in  a  plasma  localized  in  the  ion  beam  source 
keeps  the  plasma  from  contacting  the  target,  substrate,  and 
deposition  chamber  walls,  therefore  contributing  to  minimize  or 
eliminate  uncontrollable  plasma-substrate/target/chamber  walls 
interaction  effects,  characteristic  of  plasma  systems,  that  could  affect 
the  film  growth. 

M)  Perhaps  the  most  important  feature  of  the  IBASD  technique  is  the 
po.'sibility  of  independently  controlling  the  energy  of  the  secondary¬ 
processing  ion  beam,  which  appears  to  be  the  most  influential 
parameter  in  ion-assisted  film  processing  [39].  In  the  case  of 
ferroelectric  thin  films,  initial  research  on  ion-assisted  deposition  has 
been  performed  by  bombarding  the  growing  film  with  low  energy 
(60-80  eV)  02''’  or  ions  [40].  The  impact  of  these  ions  on  the 
film  during  growth  can  activate  chemical  processes  necessary  to 
produce  the  required  composition  and  microstructure;  it  can  provide 
extra  energy  to  the  film  constituents  arriving  at  the  substrate,  to 
increase  their  surface  mobility  at  lower  substrate  temperatures  than 
required  for  thermal  processing  alone,  therefore  contributing  to 
reduce  the  film  crystallization  temperature;  it  can  also  induce  film 
densification,  and  beneficially  affect  surface  morphology,  and 
structural,  electrical,  and  optical  properties.  In  this  respect, 
Krupanidhi  et  al.  [40]  have  recently  shown  that  low  energy  O*  ion 
bombardment  of  growing  PZT  films  can  enhance  their  electrical 
properties.  In  particular,  it  was  demonstrated  [40]  that  the  remnant 
polarization  and  dielectric  constant  of  PZT  films  can  be  enhanced  up 
to  about  60%  and  25%,  respectively,  over  the  values  characteristics 
of  films  produced  without  ion  bombardment  (see  Table  2b).  In 
addition,  it  was  demonstrated  [40]  that  the  coercive  field  can  be 
reduce  by  about  70%  The  initial  results  on  ion  assisted-deposition  of 
ferroelectric  thin  films  are  promising  (see  Table  2a  and  2b). 


Table  2a  Exposition  /  processing  conditions  and  compositional  and  microstructural  characterization 
of  ferroelectric  thin  films  produ^  by  ion  beam  sputter-deposition 
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Table  2b  Deposition  /  processing  conditions  and  electrical  characterization  of  ferroelectric  thin 
films  produced  by  ion  beam  sputter-deposition 
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However,  more  work  is  necessary  to  understand  and  control  the 
processes  involved  in  ion-assisted  deposition  of  fenoelectric  films,  if 
this  technique  is  to  be  considered  for  application  in  industrial 
processing  of  fenoelectric  film- based  devices. 

The  work  {>erformed  recently  by  various  groups  on  ion  beam 
sputter-deposition  indicates  that  this  is  a  very  versatile  and  powerful 
technique  for  application  to  the  synthesis  of  multicomponent  oxide 
thin  films,  not  only  at  the  laboratory  scale,  but  also  in  industrial 
manufacturing  of  thin  film-based  devices. 


Pulsed  Laser  Ablation  Exposition:  Systems.  Basic  Deposition 
Processes  and  Film  Characterization 

The  application  of  laser  beams  to  different  branches  of  basic 
science  and  technology  have  multiplied  rapidly  since  the  laser  was 
discovered  as  a  source  of  energy  in  the  form  of  monochromatic  and 
coherent  photons  in  the  1960's.  Shortly  after  the  demonstration  of 
the  first  laser,  the  most  intensively  studied  theoretical  topics  were 
related  to  laser  beam-solid  interactions.  Experiments  were  performed 
to  verify  different  models  developed  to  explain  various  phenomena 
observed  during  the  interaction  of  laser  beams  with  materials.  These 
experiments  and  models  were  the  bases  for  the  subsequent  evolution 
of  the  many  applications  of  laser  beams,  of  which  pulsed  laser- 
ablation  deposition  (PLAD)  is  only  a  small  part. 

Pulsed  laser  deposition  is  conceptually  and  experimentally  a 
relatively  simple  technique.  A  simplified  schematic  with  the  main 
features  of  the  PLAD  method,  as  currently  implemented  by  different 
groups,  is  shown  in  Fig.  6.  The  main  components  include  a  pulsed 
excimer  laser  beam,  generally  in  the  ultraviolet  wavelength  range 
(193  nm  or  248  nm)  [41 , 42).  The  laser  beam  is  directed  at  a  target 
located  in  a  vacuum  chamber  in  such  a  way  that  it  generally  impacts 
on  the  target  surface  at  a  45‘  angle  of  incidence.  The  laser  beam  pass 
through  troth  a  quartz  suprasil  lens  and  window  before  entering  into 
the  deposition  chamber.  The  lens  and  window  material  is  chosen  so 
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there  is  a  minimum  absorption  of  laser  light  and  therefore  maximum 
attainable  laser  energy  de^sited  on  the  target.  The  impaa  of  the  laser 
beam  on  the  target  surface  results  in  various  complicated  processes 
including  ablation,  melting,  and  evaporation  of  material,  and 
production  of  a  plasma  due  to  excitation  and  ionization  of  the  species 
ejected  from  the  target  by  the  laser  photons.  All  these  processes  are 
triggered  by  the  transformation  of  electromagnetic  energy  into 
electronic  excitation,  followed  by  a  transfor  ’'ation  into  thermal, 
chemical,  and  mechanical  energy.  The  material  ejected  from  the  target 
is  deposited  on  a  substrate  generally  positioned  opposite  the  first,  as 
indicated  in  Fig.6. 


Pv'seo  i-as«' 


Figure  6.  Schematic  of  a  common  PLAD  system.  Various  groups 
have  introduce  variations  of  this  general  arrangement,  which  will  be 
described  in  the  following  sections  [44], 


In  the  PLAD  technique,  species  are  ejected  from  the  suilace 
of  a  target  forming  part  of  a  "plume"  controlled  by  a  hydrodynamic 
flow  regime  in  which  a  large  number  of  molecular  and  atomic 
collisions  occur.  The  physicochemical  conditions  of  the  plume 
depend  to  a  large  extent  on  the  laser  wavelength  through  the 
dependance  of  the  laser-solid  interaction  process  on  this  panicular 
parameter.  Since  currently  there  are  numerous  lasers  available  which 
provide  a  broad  spectrum  of  wavelengths  and  pulse  energies  and 
widths,  the  PLAD  technique  can  be  used  o  deposit  thin  films  of 
almost  any  material  that  can  absorb  the  laser  light  up  to  a  minimum 
level.  The  versatility  of  the  PLAD  technique  is  demonstrated  by  the 
fact  that  close  to  1 28  different  materials  have  been  deposited  >r.  thin 
film  form  using  the  PLAD  method  (431.  However,  the  development 
of  PLAD  has  been  slow  up  until  recently,  when  researchers  resized 
that  this  technique  has  several  features  that  can  be  used 
advantageously  to  synthesize  multicomponent  oxide  thin  films, 
including  high  temperature  superconductors  (HTSC),  ferroelectric 
(FE),  electro-optic  (EO),  and  optical  materials  141,  44|.  The  PLAD 
technique  has  been  particularly  successful  in  the  production  of  HTSC 
thin  films  |21,  24),  and  for  that  reason  the  groups  using  the  PLAD 
method  have  been  very  enthusiastic  in  promoting  the  technique  as 
one  of  the  best  for  this  particular  application.  In  reality,  however,  the 
technique  has  advantages  and  disadvantages  like  any  other  vapor 
phase  deposition  methods  that  currently  are  being  extensively 
investigated  to  produce  multicomponent  thin  films.  A  balanced 
description  of  advantages  and  disadvantages  of  the  PLAD  technique 
to  synthesize  HTSC  and  ferroelectric  films  has  been  presented  only 
in  isolated  reviews  (41,  42).  The  main  objective  of  this  review  is  to 
present  a  brief  overview  of  the  application  of  the  PLAD  method  and 
update  previous  descriptions  published  in  the  literature  by  including  a 
discussion  of  new  developments  in  the  use  of  the  PLAD  method  to 
synthesize  ferroelectric  thin  films. 

The  PLAD  technique  has  only  recently  been  extensively 
applied  to  ferroelectric  thin  film  growth,  and  it  was  a  logical 
extension  to  the  work  done  on  deposition  of  HTSC  thin  films.  Key 
advantageous  features  of  the  PLD  technique  include:  (I)  the 
possibility  of  a  straightforward  replication,  under  cenain  conditions, 
of  the  target  stoichiometry  on  the  films;  (2)  the  ability  to  deposit  in 
high  background  pressures,  which  in  this  case  minimizes 
vaporization  of  volatile  species  from  the  film;  (3)  the  ease  of  in-situ 
deposition  which  enables  epitaxial  film  growth  and  can  minimize 
thermal  budget  during  processing,  and  (4)  the  demonstrated  high 
deposition  rate  (-10  A/s),  These  features  of  PLAD  method  have  been 
successfully  used  to  grow  films  of  BaTiOj  (45,  461,  BLiTijOn  147, 
481  K(T..  NblOj  (KTN)  1481.  PbfZr.TDOj  (PZT)  (49,  50), 
(Pb,La)(Zr,Ti)03  (Pl^T)  (511,  and  BLjTijOu  on  an  YBaaCujO?. 
x/MgO  substrate  (521.  Because  many  applications  either  require  an 
epitaxial  film  or  may  benefit  from  a  reduced  thermal  budget,  the 
synthesis  of  ferroelectric  films  by  the  PLAD  technique  has  involved 
in-situ  deposition  at  relatively  high  temperatures  (50O-6(X)  ’C). 

Since  there  is  not  enough  space  to  discuss  in  detail  aspects 
related  to  the  synthesis  of  all  the  ferroelectric  thin  films  mentioned 
above,  only  key  deposition  conditions  used  in  the  synthesis  of  PZT 
films  will  be  described  as  an  example.  In  one  set  of  experiments,  by 
Grabowski  et  al.  (44),  the  deposition  conditions  used  for 
synthesizing  PZT  films  include  focus  of  an  excimer  laser  beam  (248 
nm,  5  Hz,  35-100  mJ/pulse)  to  about  1  J/cm^  per  pulse  onto  a 
rotating  mixed-oxide  PXT  target.  The  heated  substrate  was  held  in  a 
high  pres.sure  atmosphere  (-300  mtorr)  of  pure  O2,  located  about  4 
cm  from  the  laser  target.  Films  would  be  grown  at  about  510  A/s  to  a 
thickness  of  about  4,000  A  in  this  manner  (44). 

Two  deposition  parameters  are  critical  to  obtaining  phase- 
pure  ferroelectric  PZT,  namely,  substrate  temperature  and  oxygen 
background  pressure.  For  example,  Grabow.ski  et  al.  144|,  ob.served 
that  to  maintain  stoichiometric  Pb  content  in  laser  ablation-deposited 
PZT  (Zj/Ti  =  0..54/0.46)  films,  a  high  oxygen  pressure  (at  least  300 
mTorr)  is  required,  and  the  substrate  temperature  must  not  exceed 
about  550  'C  (Fig.  7).  A  metastable  non-ferroelectric  pyrochlore 
phase  forms  in  Pb-deficient  films  and  for  MgO  substrate 
temperatures  below  about  500  'C.  Therefore,  there  is  a  narrow 
operational  window  to  obtain  phase-pure  ferroelectric  PZT. 
However,  XRD  analysis  of  PZT  films  produced  within  the  narrow 
pressure-substrate  temperature  window  range  mentioned  above 
indicates  that  there  is  still  a  remaining  pyrochlore  phase  (441.  The 
appearance  of  the  pyrochlore  phase  is  believed  to  be  associated  with 


the  high  volatility  of  Pb  and  its  low  reaenvity  with  diatomic  oxygen, 
leading  a  reduc^  incorporation  of  Pb  in  the  film  Other  substrates, 
such  as  SrTiOj  which  can  provide  a  better  lattice  match  to  perovsktte 
PZT,  enable  perovskite  film  growth  at  temperatures  as  low  as  350 
'C,  where  Pb  volatility  is  not  as  great  a  problem  (53.  Similar 
problems  have  been  observed  for  laser  abladon-deposition  of  BaTi03 
145]  and  KTN  (491. 

To  increase  the  likelihood  of  deposition  of  single-phase 
epitaxial  PZT  on  poorly  lattice-matched  substrates  (i.e.,  substrates 
other  than  SrTiOj),  the  potential  for  Pb  reaction  with  oxygen  during 
film  deposition  must  be  maximized  to  limit  Pb  volatiliza'ion.  Tfiis 
may  be  accomplished  by  using  higher  oxygen  background  pressures 
(1  Torr)  (54|,  or  a  more  reactive  oxygen  source  (N2O)  (551.  Another 
innovative  method  that  has  been  particularly  successful  is  to  place  an 
electron  emitdng  filament  between  the  laser  target  and  substrate,  and 
to  bias  the  target  to  collect  excited  diatomic  oxygen  anions  created  by 
electron  attachment.  This  effectively  introduces  more  reactive  oxygen 
close  to  the  substrate  1561.  The  dramadc  effect  on  cTysial  structure  of 
this  approach  is  shown  in  Fig.  8.  Initially,  the  electrons  emitted  from 
the  filament  diminished  the  pyrochlore  phase  and  enhanced  epitaxial 
perovskite  PZT  dramatically.  However,  at  high  emission  currents, 
the  generated  oxygen  anions  promoted  addidonal  orientations  of  the 
perovskite  phase  to  nucleate.  Another  benefit  produced  by  the  greater 
oxygen  reaedvity  is  an  improved  film  surface  morphology.  Filament- 
assisted  PLD  appears  to  produce  a  continuous  and  smooth 
topography  as  opposed  to  a  pcffous  and  rough  one  observed  on  films 
grown  under  O2  exposure.  In-situ  epitaxial  PZT  films  produced  with 
the  filament-assisted  PLD  method  have  have  shown  remnant 
polarizations  PfOf  15-20  pC/cm-  and  coercive  fields  Ec  of  35-50 
kV/cm.  In  general,  the  ferroelectric  properties  obtained  from  in-situ 
deposited  PZT  films  grown  either  by  sputtering  or  PLD  without 
some  enhancement  of  oxygen  reactivity  have  not  been  remarkable. 
Low  values  of  remnant  polarizadon  and  high  coercive  voltages  have 
been  reponed.  Post  deposition  annealing  has  been  found  to  improve 
the  ferroelectric  properties  (571,  but  as  described  before,  the  problem 
might  be  better  addressed  by  increasing  oxygen  reactivity  during 
deposition. 
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Figure  7.  Pb  content  of  PZT  films  (Zr/Ti  =  0.54/0.46)  films, 
measured  by  RBS.  as  a  function  of  substrate  temperature  and 
ambient  oxygen  pressure.  The  line  at  550  ‘C  marks  the  temperature 
at  which  nurterous  different  pressures  were  examined,  and  indicates 
the  threshold  for  pure-phase-perov.skite  film  formation  (44). 

More  recently,  Auciello  et  al.  have  developed  an  automated 
PLD  deposition  technique  (31,  58),  which  involves  nb'ation  of 
element^  targets  (metals  or  their  single  oxides)  sequentially  exposed 
to  an  excimer  laser  beam  using  a  computer-controlled  system  (Fig. 
9).  For  the  initial  experiments  performed  to  demonstrate  the 
automated  laser  ablation-deposition  technique,  Zr02,TiC>2,and  PbO 
were  sequentially  exposed  to  an  excimer  laser  beam  (KrF,  -  1  J/cm^ 
on  target,  3  Hz,  45  ‘  angle  of  incidence)  via  a  computer-controlled 
rotating  target  holder  driven  by  a  high  vacuum  motor  (see  Fig.  9). 
The  films  were  deposited  on  MgO  (100)  substrates  at  200  'C,  in 
such  a  way  that  the  first  layer  in  contact  with  the  MgO  substrate  was 


Zr02,  and  the  subsequent  layers  were  Ti02.  and  PbO.  A  quartz 
crystal  resonator,  functioning  as  a  film  thickness  monitor,  is  located 
on  the  side  of  the  substrate  and  measures  the  amount  of  each 
elemental  material  or  oxide  deposited  and  sends  a  feedback  signal  to 
the  computer. 
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Figure  8.  XRD  patterns  of  PZT  (Zr/Ti  =  0.54A).46)  films  deposited 
on  MgO  substrates  using  three  different  filament  emission  currents. 
The  ferroelectric  perovskite  peaks  are  identified  by  their  miller 
indices  while  peaks  corresponding  to  the  metastable  pyrochlore 
phase  are  identified  by  a  "p".  The  patterns  are  offset  by  lO^  cps  for 
clarity  of  presentation  (44]. 

When  the  pre-programmed  necessary  amount  of  an  element,  to 
produce  a  desired  film  composition,  is  reached,  the  QCR  feedback 
signal  activates  the  computer  to  shut  off  the  laser  beam  and  rotate  the 
target  holder  to  position  the  next  target  in  front  of  the  beam.  This 
sequence  is  repeated  until  the  programmed  total  film  thickness  is 
achieved.  This  new  automated  PLD  method  can  be  used  to  control 
the  amount  of  Pb  deposited  and  overcome  the  problems  of  Pb 
deficiency  when  producing  PZT  films  by  ablation  of  PZT  targets,  as 
discussed  above.  The  XRD  pattern  of  a  film  deposited  with  the  layer 
by  layer  method  (Fig.  lOa)  f58),  on  MgO  at  2(X)  *C,  indicates  that 
the  film  consist  of  a  highly  oriented  (100)  PbO  microstructure,  which 
upon  annealing  at  6(X)  'C  in  an  oxygen  atmosphere  turns  into  a 
highly  oriented  (101)  PZT  film  with  no  evidence  of  a  pyrochlore 
phase  (Fig.  10b).  Work  under  way  in  our  laboratory  will 
demonstrate  whether  layer  by  layer  deposition  can  be  used  to 
produce  as-deposited  PZT  films  at  substrate  temperatures  in  the 
range  500-550  "C,  with  less  stringent  control  on  the  oxygen 
background  pressure  during  deposition,  as  it  is  necessary  in  the  case 
of  PZT  film  synthesis  by  ablation  of  PZT  targets.  Further  details 
about  the  working  principle  of  the  automated  PLD  technique  can  be 
found  elsewhere  [31]. 


with  Nb  doping.  Filins  were  synthesized  under  similar  conditions  as 
those  described  above  for  the  layered  films.  TTie  films  grown  by 
ablation  of  the  bulk  PZT  target  presented  a  (100)  orientation  (Fig. 
11).  The  particular  crystallographic  taientation  of  the  layered  PCT 
films  (Fig.  10b)  can  be  explain^  in  terms  of  a  controlled  growth 
from  the  crystalline  PbO  layers  nucleated  in  the  as-deposited  films 
(Rg.  Kta),  since  the  lattice  matching  between  a  (1(X))  PbO  layer  and 
a  (101)  PCT  layer  is  favorable  fw  the  nucleation  of  the  later  during  a 
post-deposition  annealing  process,  as  used  in  the  work  reported 
[58].  On  the  other  hand,  the  growth  of  PCT  films  produced  by 
ablation  of  bulk  PZT  targets  appears  to  be  dominated  by  the 
crystallographic  orientation  of  the  substrate. 

Extensive  electrical  characterization  of  the  PZT  films 
produced  by  Auciello  et  al.  (581  have  shown  that  these  films  have 
device-compatible  remnant  polarizations  (see  Table  3b).  In  addition, 
first  capacitance  and  film  ccmductivity  measurements  ever  peifcHmed 
on  a  laser  ablation-deposited  film  revealed  that  electron  and  ion 
hopping  may  be  two  important  conduction  mechanisms  in  PCT  films 
1581. 
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Figure  10.  (a)  XRD  pattern  of  an  as-deposited  (at  200  ’C)  layer  by 
layer  film  on  an  (100)  Pt/(100)  MgO  substrate,  (b)  XRD  pattern  of 
the  film  described  in  (a)  after  annealing  at  600  ‘C  in  an  oxygen 
atmosphere.  Notice  the  (100)  oriented  PbO  structure  in  the  as- 
deposited  film  (a),  which  controls  the  growth  of  a  highly  oriented 
(101)  PCT  film  (b)  during  the  post-deposition  annealing  [58]. 


OUWRiPCU  MASS 
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Figure  9.  Schematic  of  the  automated  PLD  system  developed  by 
Auciello  et  al.  The  system  is  controlled  via  an  especially  developed 
computer  program,  and  the  technique  has  the  potential  for  industrial 
applications  [31  j. 

The  automated  PLAD  technique  described  above  was  also 
used  to  deposit  PZT  films  by  ablation  of  a  10%PbO-rich  PZT  target 


Figure  11.  XRD  pattern  of  a  PCT  film  deposited  on  (l(X))MgO,  by 
ablation  of  a  10%PbO-rich  PZT  target,  at  200  "C  and  later  annealed 
at  600  *C. 
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Other  researchers  have  synthesized  PZT  films  using  the 
PLAD  technique,  but  utilizing  different  laser  wavelengths  and  energy 
density,  as  well  as  different  deposition  parameters.  Information  on 
the  deposition  conditions,  and  compositional,  microstructural, 
topographical,  and  electrical  characteristic  of  the  films  are  presented 
in  Tables  3a  and  3b.  There  are  various  noticeable  asfiects  related  to 
the  works  cited  in  Tables  3: 

•  Films  deposited  by  ablating  bulk  PZT  targets  with  excimer  lasers 
have  varying  degrees  of  composition  close  to  the  stoichiometry 
corresponding  to  the  targets  |51,  52,  57-60); 

•  Films  deposited  by  ablation  of  PZT  targets  with  lasers  of  longer 
wavelengths  [50,  62)  generally  do  not  have  as  good  an  stoichiometry 
as  those  produced  with  the  excimer  lasers; 

•  The  excimer  lasers  are  very  appropriate  to  produce  films  with  the 
desired  perovskite  structure  and  elccuical  chaiuctr'istics  (5!,  52,  57- 
60). 

•  Laser  ablation-plasma-assisted  deposition  of  ferroelectric  thin  films 
159,  60)  may  provide  a  suitable  technique  to  synthesize  the  films  at 


relatively  low  substrate  temperature ,  improve  the  amount  of 
perovskite  microstructure  present  in  the  film,  and  produce  smoother 
films. 

•  Laser  ablation  deposidon  with  assisted  laser  in-situ  annealing  of  the 
films  dunng  growth  |63j  is  a  promising  method  to  produce 
multicomponent  oxide  thin  films  as-deposited  without  post- 
deposidon  annealing,  and  with  smoother  surface  topographies  than 
without  a  laser  beam  impactirg  on  the  growing  film. 

In  conclusion,  the  work  of  several  research  groups  has 
demonstrated  that  the  PLAD  technique  is  a  very  suitable  method  to 
synthesize  muldcomponent  oxide  thin  films,  particularly  those  of 
ferroelectric  materials.  However,  further  work  is  necessary  to 
understand  better  the  processes  involved  in  film  deposition,  in  order 
to  opumize  the  films  properties.  In  addition,  work  is  also  needed  to 
scale-up  the  technique  to  cover  large  area  substrates  (>  4  inch 
diameter)  with  uniform  films,  if  the  technique  is  going  to  be  applied 
for  manufacturing  film-based  devices. 


Table  3a  Deposition  /  processing  conditions  and  compositional  and  microstructural  characterization 
of  ferroelectric  thin  films  produced  by  pulsed  laser  ablation-deposition. 
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Table  3b  Deposition  /  processing  conditions  and  electrical  characterization  of  ferroelectric  thin 
films  produced  by  pulsed  laser  ablation-deposition. 
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Conciusions 

The  extensive  basic  and  applied  research  performed  in  the 
field  of  synthesis  and  characterization  of  ferroelectric  thin  films  has 
advanced  the  materials  science  and  the  technology  bases  of  this 
materials  for  application  in  the  manufacturing  of  advanced  film-based 
devices.  It  has  been  demonstrated  that  physical  vapor-deposition 
techniques  are  at  the  forefront  of  the  ferroelectric  materials 
technology  and  they  will  continue  to  provide  the  means  for  studying 
and  producing  films  needed  for  advancing  the  device  technology. 
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Abstract 

.A  novel  technique  of  photo-induced  metallo-organic  decom¬ 
position  (PIMOD)  was  developed  to  deposit  dielectric  thin  films 
without  interdiffusion  and  cracking  which  were  frequently  found 
in  the  films  derived  by  the  conventional  furnace-processed  MOD 
method.  Results  of  XRD  and  RBS  confirm  that  polycrystalline 
stoichiometric  thin  films  of  lithium  niobate  can  be  produced  un¬ 
der  a  much  lower  temperature  and  within  a  shorter  processing 
time  compared  to  the  MOD  process.  LiNbOa-based  capacitors 
and  transistors  in  an  metai-ferroelectric-semiconductor  (MFS) 
structure  have  been  made  via  the  PIMOD  process.  The  MFS 
capacitors  have  yielded  ferroelectric  switching  properties  shown 
by  hysteresis  in  capacitance  vs.  voltage  characteristics.  Large 
photocurrents  were  measured  for  900  miP  capacitors.  Recent 
MFSFETs  have  achieved  an  amplification  factor  of  92.3,  and 
the  channel  conductance  of  the  devices  has  been  demonstrated 
to  be  highly  affected  by  the  application  of  voltage  pulses  from 
the  gate  to  the  substrate. 

Introduction 

Since  the  metal-ferroelectric-semiconductor  field-effect  tran¬ 
sistor  (MFSFET)  was  first  proposed  by  VVu  [1]  in  1974,  the 
device  has  drawn  great  attention  by  integrating  the  ferroelectric 
film  into  a  conventional  semiconductor  device  [1-6],  By  replac¬ 
ing  the  gate  oxide  of  a  conventional  metal-oxide-serr.iconductor 
(MOS)  transistor  with  a  ferroelectric  material,  the  device  may 
possess  several  advantages  over  other  computer  memory  cells,  in¬ 
cluding  nonvolatility,  fast  switching  speeds,  and  radiation  hard¬ 
ness.  The  use  of  a  thin  film  of  lithium  niobate  (LiNbOs)  as  the 
gate  oxide  offers  the  possibility  of  two  different  types  of  computer 
memory  architectures.  In  addition  to  the  operation  controlled 
based  on  ferroelectric  switching,  the  transistor  characteristics 
of  the  device  can  be  altered  optically,  which,  based  on  the  bulk 
photovoltaic  effect,  involves  a  shift  in  the  transistor  threshold  by 
exposing  the  gate  to  laser  light  with  different  intensities.  This, 
incorporated  with  other  optical  and  electrooptic  properties  of 
LiNbOs  [7,  8],  makes  the  device  extremely  useful  in  building  the 
optical  computer. 

A  LiNbOs-based  MFSFET  fabricated  on  silicon  using  the 
r.f,  magnetron  sputtering  technique  and  a  molybdenum  liftoff 
process  was  recently  reported  by  Rost  et  at.  [6],  Considering 
the  high  cost  for  mass  production  due  to  the  use  of  a  vacuum 
technology,  non-vacuum  deposition  methods  such  as  sol-gel  [9] 
and  metallo-organic  decomposition  (MOD)  [10]  have  recently 
received  much  attention.  Due  to  the  relatively  long  processing 
time  (>  1  hr)  and  the  high  processing  temperature  (600-800°C) 
required  for  the  MOD  process,  interdiffusion  was  found  at  the 
LiNbOs-Si  interface  [11],  Utilization  of  rapid  thermal  annealing 
reduces  the  interdiffusion  while  increasing  the  chance  of  forming 
cracks.  Moreover,  the  molybdenum  layer  could  be  highly  oxi¬ 
dized  at  a  temperature  higher  than  500°C  (in  air),  which  would 


totally  foil  the  liftoff  process.  Huang  has  recently  developed  a 
novel  technique  of  photo- induced  metallo-organic  decomposition 
(PIMOD)  to  overcome  these  problems  [llj.  .At  a  mucli  lower 
temperature  (500°C)  for  a  shorter  processing  time  than  required 
for  the  MOD  process,  crack-  and  intei diffusion-free  thin  films  of 
LiNbOs  have  been  grown  by  the  PIMOD  process.  This  is  the 
first  attempt  to  study  the  feasibility  of  fabricating  the  Li.NbO,-) 
MFSFET  via  the  PIMOD  process. 

Thin  Film  Growth 

The  metallo-organic  precursor  solutions,  CgHigCOOLi  and 
Nb(OC2H5)3(C»Hi9COO)2  (both  in  xylene),  were  mixed  in  the 
appropriate  cation  ratio  to  form  the  formulation  solution.  Ther- 
mogravimetric  analysis  (TGA)  was  implemented  to  measure  the 
weight  loss  of  the  individual  solutions  as  a  function  of  tempera¬ 
ture.  A  summary  of  the  TGA  results  is  given  in  Table  1.  The 
thermogram  for  a  LiNbOj  formulation  solution  heated  10°C/min 
in  air  is  shown  in  Fig.  1.  The  residue  of  the  formulation  solution 
heated  at  a  temperature  higher  than  480°C  was  determined  by 
x-ray  diffractii^n  to  be  stoichiometric  lithium  niobate. 


Table  1:  Thermal  decomposition  behavior  of  metallo-organic 
compounds. _ 


(Compound  in  Xylene 

Xylene  Iom 

becompoeiiion 

ReeiHa* 

d-.V.,dooU 

js-17s‘<i 

175-480*0 

480'^  ■  (Lij6) 

Sb{OC-ii1ih{C9Hi9COOh 

2S-150*C 

l50-3e0»C 

360eC  -  (NbaOO 

Mixed 

25-150 

I50.480“c 

480«C  •  (L»Nb(X,l 

Figure  1:  Thermogram  for  a  LiNbOa  formulation  solution 
heated  10°C/min  in  air. 

The  formulation  solution  was  spun  onto  a  substrate  at  3000 
rpm  for  30  sec  to  produce  a  uniform  wet  film.  The  sample  was 
then  rapidly  heated  by  a  tungsten  halogen  lamp  to  500°C.  which 
was  determined  according  to  the  thermogram,  and  the  time  of 


exposure  was  about  5  minutes  to  allow  for  the  completion  of  the 
involved  reactions  including  evaporation  of  the  solvent,  decom¬ 
position  of  the  metallo-organic  compounds,  and  sufficient  oxi¬ 
dation  of  the  him.  The  thickness  of  a  single-layer  film  is  about 
0.19  ±  0.1  pm.  The  processes  of  deposition  and  pyrolysis  can  be 
repeated  as  many  times  until  the  film  is  of  the  required  thick¬ 
ness.  The  films  were  often  subjected  to  a  post  annealing  process 
to  reduce  the  porosity  and  to  improve  the  crystallinity.  X-ray 
diffraction  and  Rutherford  backscattenng  (RBS)  confirm  that 
the  films  deposited  by  the  PIMOD  process  are  polycrystalline 
stoichiometric  lithium  niobate  [7]. 


Layer  IhlckntaaM: 

Au/Cr  -t(»QA/4QQA 

UNb03  -IMOA 

UolytxtMiuffl  -3000A 
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Thick  Oxide  -SSOdA 
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Device  Fabrication 


Capacitor 

To  form  the  MFS  (Metal-Ferroelectric-Semiconductor)  ca¬ 
pacitors,  gold-on-chromium  top  electrodes  with  areas  about  0.0025 
and  0.0050  cm^  were  evaporated  onto  the  lithium  niobate  films 
on  p-type  (111)  Si.  A  thin  layer  of  Cr  is  necessary  to  help  ad¬ 
hesion  of  the  Au  electrodes  on  the  films.  The  thickness  of  the 
Au  and  Cr  layers  is  0.10  and  0.04  pm,  respectively.  The  elec¬ 
trodes  possess  some  degree  of  transparency  (3-4%)  which  allows 
for  optical  measurement. 

Transistor 


For  fabricating  transistors  with  a  25x25  pm  gate  and  ca¬ 
pacitors  with  an  area  of  900  miP,  a  molybdenum  liftoff  process 
developed  at  Texas  Instruments  was  used  to  isolate  small  areas 
of  lithium  niobate.  The  liftoff  process  is  outlined  in  Fig.  2.  A 
gold-on-chromiurn  overlayer,  the  same  as  those  described  previ¬ 
ously,  was  thermally  evaporated  onto  a  patterned  silicon  wafer. 
The  thickness  of  the  lithium  niobate  film  in  the  MFSFET  de¬ 
vices  investigated  was  0.19  pm.  A  30%  HjOj  etch  removed  all  of 
the  molybdenum  and  thus  all  the  lithium  niobate  not  directly  in 
contact  with  the  silicon.  A  second  etch  step,  4.9%  HF  solution, 
removed  the  plasma  oxide,  allowing  electrical  connection  to  the 
source  and  drain  areas.  MFSFET  transistors  and  900  miP  ca¬ 
pacitors  were  now  completely  fabricated  and  ready  for  testing. 
A  picture  of  two  transistors,  with  a  25x25  pm  gate,  after  going 
through  all  the  etch  steps  is  shown  in  Fig.  3. 

The  most  critical  parameter  in  making  the  LiNbOs  MFS¬ 
FET  transistor  using  the  PIMOD  process  is  the  temperature  of 
the  wafer.  Since  the  PIMOD  process  is  generally  carried  out 
in  air,  high  oxidation  of  the  molybdenum  occurs  at  a  tempera¬ 
ture  higher  than  500°C,  which  can  totally  foil  the  liftoff  process. 
However,  the  decomposition  process  can  not  be  completed  if  the 
surface  temperature  does  not  exceed  480°C.  In  this  case  extra 
C  and  H  in  the  LiNbOs  films  form  defects  which  decrease  the 
chemical  resistance  of  the  films  thereby  making  the  HF  etch  step 
more  difficult  to  implement.  A  substrate  temperature  of  490“C 
and  an  exposure  time  of  5  minutes  are  thus  considered  to  be 
the  optimal  parameters  to  be  compatible  with  the  molybdenum 
liftoff  process.  After  the  H2OJ  etch  step,  a  post  annealing  in  10 
mTorr  oxygen  at  520-550® C  for  one  hour  is  often  performed  to 
improve  the  crystallinity  of  the  film. 

Device  Properties 


Capacitor  Characteristics 

For  electrical  measurements  the  wafer  was  placed  on  a  gold- 
coated  wafer  chuck  in  a  shielded,  light  tight  enclosure.  A  small 
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Figure  2:  Molybdenum  liftoff  process  for  fabricating  l.i.VbOa 
MFS  transistors;  a)  prior  to  deposition,  b)  after  Li.N'bOa  and 
Au/Cr  deposition,  c)  after  H^Oj  etch  step,  and  d)  after  HF  etch 
step. 


Figure  3:  LiNbOs  MFS  transistors  (gate  area  =  25x25  /im) 
after  etching  is  complete. 

tungsten  probe  was  positioned  to  make  contact  with  the  elec¬ 
trode.  By  1-V'  merisurement.  the  resistivity  of  the  thin  films  of 
lithium  niobate  is  determined  to  be  in  the  range  of  10''’  n-cni. 
Capacitance  vs.  voltage  characteristic  curves  were  measured  by 
applying  a  signal  of  30  mV'  amplitude  at  I  .MHz  while  linearly 
ramping  the  DC  offset  of  the  signal  slovvlt  in  time.  Fig.  4  .shows 
a  curve  taken  without  light  exposure  of  a  LiNbO.i  MFS  capacitor 
on  p-type(lll)  .Si  wafer.  The  hysteresis  loop  is  due  to  the  polar¬ 
ization  reversal  in  the  ferroelectric  film.  The  dielectric  constant 
of  the  films  can  be  calculated  from  the  capacitance  provided  the 
thickness  of  the  film  and  the  area  under  the  electrode  are  given. 
The  dielectric  constant  of  a  2000  A  thick  LiNbOs  film  was  cal¬ 
culated  to  be  22.  The  value  is  slightly  smaller  than  the  bulk 
value,  which  might  be  attributed  to  the  existence  of  an  oxide 
buffer  layer  acting  as  a  series  capacitor. 

To  measure  the  photo-properties  of  the  films,  green  (5T)..5 
nm)  and  red  (632.8  nm)  He-Ne  !a.sers.  with  a  power  of  0.9  mW. 
were  directed  onto  the  electrode  being  probed,  and  the  pho¬ 
tocurrent  was  recorded  as  a  function  of  time.  Fig.  5  shows  the 
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Figure  4:  C-V  curve  for  a  2000  A  thick  LiNbOa  film  PIMOD- 
processed  on  a  p-type  (111)  Si  wafer.  (0.20  V  steps,  1  sec  in¬ 
tervals,  3  sec  hold  at  voltage  extremes.  Electrode  area  ~  0.0025 
cm^.) 

photocurrents  generated  by  shining  the  green  laser  on  a  900 
miP  capacitor.  A  smaller  response  was  observed  if  a  red  light 
was  used.  This  could  be  attributed  to  a  higher  absorption  for 
LiNbOa  in  the  green  region.  Moreover,  the  photocurrent  was 
flowing  in  the  opposite  direction  when  the  laser  was  incident 
onto  a  p-n  junction,  which  excluded  the  possibility  that  the  pho¬ 
tocurrent  might  be  generated  in  the  depletion  layer.  Therefore, 
it  is  concluded  that  the  photocurrent  is  produced  by  the  pyro¬ 
electric  effect  and  the  bulk  photovoltaic  effect  in  the  LiNbOa 
film,  and  the  direction  of  the  photocurrent  corresponds  to  the 
-fc  axis  of  the  film  being  oriented  into  the  silicon  substrate.  It 
is  encouraging  that  a  large  photocurrent  of  3.3  nA  has  been  ob¬ 
served.  This  indicates  that  the  LiNbOa-based  devices  possess 
a  great  potential  on  various  applications  in  the  optoelectronics 
and  integrated  optics  areas. 


Figure  5;  Photocurrents  measurement  for  a  900  miP  capacitor 
after  isolation. 

MFSFET  Characteristics 

The  characteristics  of  the  resulting  transistors  were  measured 


with  the  HP4145  semiconductor  parameter  analyzer  The  gate 
leakage  for  the  devices  was  about  1  nA  (\'g  =  1  \  ,  '^  ds  =  2 
V),  indicating  that  the  liftoff  process  was  successful,  and  the 
areas  of  the  devices  were  correctly  defined.  Fig.  6  shows  the 
transistor  curve  trace  of  a  device  with  a  25x25  /cm  gate.  From 
these  curve  traces,  basic  transistor  parameters  can  be  calculated. 
The  output  conductance  is  given  by 

(1) 

'■G 

and  the  transconductance  is 
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The  amplification  factor  can  then  be  defined  by 


h  = 


9<i  ' 


(21 
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Figure  6:  Transistor  curve  trace  for  a  25  x  25  /cm  device. 

In  saturation,  the  output  conductance  (g^)  was  calculated,  at 
Vc  =  2  V,  to  be  0.24  pS.  The  transconductance  (g„,)  was  mea¬ 
sured  to  be  22.24  pS  at  a  Vps  of  2  V  with  \’g  from  2  to  3 
V.  The  amplification  factor  of  the  device  wa.s  then  determined 
to  be  92.3,  which  compares  superably  with  the  only  other  pub¬ 
lished  data  (p  =  64)  on  MFS  transistors  [6].  For  a  conventional 
MOS  transistor,  the  channel  current  in  saturation.  Ids,.,,  can 
be  approximated  by 

lDS..,=k(VG-VT?  (4) 

where  is  a  constant  and  Vj  is  the  threshold  voltage.  By  us¬ 
ing  this  equation,  a  threshold  voltage  of  about  1.33  V’  was  de¬ 
termined  for  this  device.  The  results  of  the  measurements  are 
shown  in  Table  2. 

A  pulsing  experiment  was  implemented  to  study  the  switch¬ 
ing  performance  of  a  25x25  pm  device.  V'oltage  pulses  of  I  ps 
were  applied  from  the  gate  to  the  silicon  substrate.  As  shown 
in  Fig.  7,  the  channel  current  in  saturation  with  3  V  on  the 
gate  can  be  decreased  from  27.7  to  3.0  p.\  by  applying  a  -(-10 
pulse.  The  curve  was  then  restored  to  the  original  when  a  pulse 
of  opposite  polarity  (-10  V)  was  applied.  This  shows  that  a  fea¬ 
sible  LiNbOs-based  MFSFET  logic  device  can  be  fabricated  by 
the  molybdenum  liftoff  process.  The  simplicity  of  the  PIMOD 
process  ensures  low  cost  for  mass  production. 


Ids  (uA) 


Table  2:  Measured  transistor  parameters  for  a  LiNbOj  MFSPt! T 


with  a  25x25  pm  gate 

area. 

Parameter 

A’alue 

Gate  current  (\'a  =  1 

Y.  Vo.s-  =  2  \-) 

1  iiA 

Output  conductance  ( 

lAV;  =  2  V) 

0.21  /<S 

1  ranscondiictance  ( A 

=  2  V.  Ad;  =  2  3  V) 

22.21  pS 

.Aniplilication  factor 

92.3 

1  hresliold  voltage 

1.33  A’ 

Figure  7:  Channel  rurrent  vs.  channel  voltage  for  an  n  channel 
l.iN'bOt  MFSF  F.  r  before  and  after  voltage  (jiilses  are  applied 
from  the  gate  to  the  silicon  substrate,  all  at  a  gate  voltage  of  .1 
\'.  Curve  B  is  then  restored  to  curve  .A  when  -10  V'  pulses  are 
applied, 

Conclusion.s 
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A  novel  I’lMOD  process  has  been  used  to  grow  thin  hlins  of 
Li.NbO.t  acting  as  the  gate  oxide  of  an  MFSF  F,1  devir  e.  Small 
areas  of  LiN'bO.s  on  silicon  aiui  a  Li.N’bOa  Mf  S  transistor  with 
a  gate  area  of  2.'')x26  /nn  have  been  suctessfully  fabricated  by 
a  rnolyb'lenum  liftoff  technique.  The  first  mea.surements  of  the 
Li.NbO.-i  MFSF’F'T  device  are  encouraging.  The  transistor  pa¬ 
rameters  compare  favorably  with  other  published  data  as  well 
as  conventional  MOS  devices.  The  channel  current  was  shown  to 
be  greatly  change  by  the  application  of  voltage  pulses  from  the 
gate  to  the  substrate.  The  fatigue  and  retention  characteristics 
of  the  device  are  currently  under  investigation 
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Abstract:  Pb(Zr,Ti)0,  thin  films  were  grown  by  the  pholo-CVD 
method  using  Pb(C,H,,)4,  ZrfO-t-C^Hy)^,  Ti(0-i-C^H7)4  and  O,-  In 
this  growth  system,  both  tetragonal  PbfZr.TifOj  films  and  rhom'bo- 
hedral  Pb(Zr,Ti)0,  films  were  successfully  obtained,  and  the  (111)- 
orientation  of  the  tetragonal  films  was  affected  by  the  photoirradia- 
tion.  It  was  also  proven  that  the  photo-proccss  enhanced  the  reac¬ 
tions  involving  the  Zr  precursors  and  this  enhancement  caused 
compositional  changes  and  an  increase  in  growth  rates.  Some  elec¬ 
trical  properties  of  the  films,  which  were  related  to  the  ferroelectric 
memory  device  qualities,  were  also  detailed. 

Introduction 

Ferroelectric  thin  films  integrated  with  semiconductors  have 
a  high  potential  for  use  as  essential  materials  of  future  electronic  and 
optical  devices.  In  particular,  thin  films  of  lead  zirconate  titanate 
(Pb(Zr,Ti)Ov)  and  related  perovskite  oxides  are  the  most  attractive 
for  applications  to  ferroelectric  nonvolatile  memories,  high-den.sily 
DRAMs,  piezoelectric  microactuators,  pyroelectric  sensors  and  so 
on.  For  the  realization  of  ferroelectric  thin  film  devices,  there  are 
some  technological  issues  to  be  solved,  such  as  film  deposition, 
annealing,  etching  and  formation  of  electrodes.  Regarding  the  film 
deposition,  the  chemical  vapor  deposition  (CVD)  method  using 
mctallorganic  .sources  is  one  of  the  most  promising  techniques  to 
obtain  device-quality  Pb(Zr,Ti)0,  films.  The  advantages  of  the 
CVD  method  arc  fairly  high  growth  rate,  high  productivity,  good 
controllability  of  the  film  composition  and  excellent  step  coverage 
characteristics.  Moreover,  it  is  of  great  interest  to  combine  the  CVD 
technique  with  the  plasma-enhanced  and  the  photo-enhanced 
prtKesses  in  order  to  reduce  growth  temperature  and  to  improve  thin 
film  quality. 

We  have  proposed  the  photo  -^■■h.'.nccd  CVD  methed  a«  ••• 
new  technique  for  the  growth  of  ferroelectric  thin  films  and  have 
been  developing  this  method  to  obtain  PbTi03  and  Pb(Zr,Ti)03 
films.  In  our  previous  study,  it  was  clearly  established  that  the 
photo-enhanced  process  during  the  CVD  growth  had  some  effects 
on  the  structural,  compositional  and  electrical  properties  of  both 
PbTi03  and  Pb{Zr,Ti)03  thin  films.' In  this  paper,  we  will  report 
new  experimental  results  on  the  growth  of  Pb(Z.r,Ti)03  thin  films  by 
our  photo-CVD  method  and  discuss  in  detail  effects  of  the  photoir¬ 
radiation  on  crystallinity,  composition  and  growth  rate.  Seve:-'!l  elec¬ 
trical  properties  of  Pb(Zr,Ti)03  thin  films  related  to  the  memory 
device  applications  arc  also  described. 

Experimental  procedure 

The  photo-CVD  system  for  the  formation  of  Pb(Zr,Ti)0, 
thin  films  was  the  same  one  as  has  been  already  reported.*’  The 
growth  conditions  are  summarized  in  Table  1.  Tetraethyl  lead 

Table  I.  Growth  conditions  of  Pb(Zr,Ti)03  thin  films. 

Source  Temperature  Pb(C2H5)4:  0°C 

Zr(0-t-C4H9)4:  35°C 
Ti(0-i-C3H7)4:  35°C 

Ar  Carrier  Flow  Rate  Pb(C2H5)4:  Wseem 

Zr(0-t-C4Hg)4:  20-70sccm 
Ti(0-i-C3Fi7)4;  26-76sccm 

O2  Flow  Rate:  24Csccm 

Substrate  Temperature:  525-660°C 

Total  Pressure:  6Torr. 

UV  Light  Source:  Xe-Hg  Lamp  (220-600nm) 


{Pb(C2Hs)4),  zirconium  tetratertiarybutoxide  (Zr<0-t-C4H4)4),  tita¬ 
nium  tetraisopropoxide  (Ti(0-i-C,H,)4)  and  oxygen  (OJ  were  used 
as  source  materials.  The  concentration  of  each  mctallorganic  precur¬ 
sor  was  controlled  by  both  source  tank  temperature  and  Ar  carrier 
gas  flow  rate.  Substrates  used  were  (11  l)Pt'SiO,'Si,  SiO,  Si  and 
(0()01)sapphire.  The  Pb(Zr,Ti)03  films  were  grown  at  substrate 
temperatures  ranging  from  525  to  bbO^C.  In  the  photo-CVD  exper¬ 
iments,  the  substrates  were  directly  irradiated  by  the  LiV  light  emit¬ 
ted  by  a  Xc-Hg  lamp. 

Results  and  Discussion 

Structural  Nature 

The  cry  stalline  phases  and  orientation  properties  of  the  films 
deposited  on  Pt/SiO,;Si  and  sapphire  substrates  were  investigated.  In 
the  case  of  the  growth  onto  Pt'Si03/Si.  both  PbfZr.TiyOj  thin  films 
with  a  tetragonal  phase  and  those  with  a  rhombohcdral  phase  could 
be  obtained  without  annealing.  The  crystalline  phases  of  the  films 
were  significantly  affected  by  the  substrate  temperatures  and  source 
supply  conditions,  and  higher  substrate  temperatures  were  required 
to  grow  rhombohcdral  Pb(Zr,Ti)0,  films  than  tetragonal 
Pb(Zr,Ti)03  films.  Details  of  the  crystalline  phases  of  the  films 
deposited  by  the  conventional  thermal-CVD  method  (without 
photoirradiation)  were  reported  elsewhere.’  When  the  photo-CVD 
was  carried  out,  we  obtained  films  with  the  same  crystalline  pha.ses 
as  were  grown  by  the  thermal-CVD  methtKl,  and  it  was  difficult  to 
reduce  the  growth  temperature  for  the  formation  of  perovskite  single 
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Fig.l.  X-ray  diffraction  patterns  of  the  tetragonal  Pb(Zr.Ti)0,  thin 
films  grown  at  b05'’C  by  photo-CVD.  Substrates  used  were 
(a)Pt/Si02/Si  and  (b)(0001)sapphire. 
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phase  Pb(Zr,Ti)Oj  in  the  present  photo-CVD  system.  It  seems 
necessary  to  select  more  effectual  source  materials  and/or  light 
sources  in  order  to  achieve  low  tempeinturc  growth.  On  the  other 
hand,  orientation  properties  of  the  films  were  affected  by  the  pho¬ 
toirradiation.  In  particular,  the  photodeposited  tetragonal 
Pb(Zr,Ti)Oj  showed  higher  (1  ll)-oricntation  than  the  films  grown 
by  thermal-CVD.  However,  (1 1  l)-single-oriented  Pb(Zr,Ti)03 
films  could  not  yet  be  obtained,  perhaps  because  of  the  low  ( 1 1 1  )- 
orientation  of  the  sputtered  Pt  layers  of  the  substrates.  Figure  1(a) 
shows  an  X-ray  diffraction  pattern  of  a  PbfZr^jj.Tio. 53)03  thin  film 
grown  on  Pt/SiO^/Si  by  the  photo-CVD  method,  (substrate  tempera¬ 
ture;  605°C) 

When  the  (OOOl)sapphire  substrates  were  used,  tetragonal 
Pb(Zr,Ti)03  thin  films  were  obtained,  but  rhombohedral  films  could 
not  be  grown  because  ZrOj  was  formed  more  easily.  In  the  case  of 
the  growth  onto  sapphire,  there  was  a  distinct  improvement  in  the 
(lll)-orientation  of  the  tetragonal  Pb(Zr,Ti)03  films  in  the  photo- 
CVD  process.  Figure  1(b)  shows  an  X-ray  diffraction  pattern  of  a 
photodeposited  tetragonal  Pb(Zr,Ti)03  film  (the  composition  was 
not  investigated  yet)  grown  on  sapphire  at  605°C.  These  results 
indicate  that  the  effects  of  the  photoirradiation  on  film  orientation 
were  dependent  on  the  substrate  materials. 

Film  Composition 

The  compositions  of  the  tetragonal  Pb(Zr,Ti)03  films  grown 
on  Si02/Si  substrates  were  methodically  analyzed  by  inductively 
coupled  plasma  (ICP)  emission  spectrometry.  Figure  2  shows  the 
dependence  of  the  Zr/(Zr+Ti)  compositional  ratio  of  the  films  on 
relative  supply  ratio  of  the  Zr  source  ((Zrl/((Zrl+(Ti|)).  The  symbols 
of  (Zr)  and  (Ti)  indicate  the  supply  rates  of  the  Zr  and  Ti  source 
materials,  respectively,  which  v  'e  changed  by  controlling  the  vapor 
pressure  and  carrier  gas  flow  <  ate  of  each  sources.  As  shown  in 
Fig.2,  the  photodeposited  films  had  higher  Zr/(Zr+Ti)  ratios  than  the 
films  obtained  without  photoirradiation.  In  order  to  evaluate  these 
data  theoretically,  we  assume  that  the  number  of  a  metal  cationiM 
contained  in  a  film  (N^)  was  proportional  to  the  source  supply  rate 
of  M  (JMI),  that  is; 


were  dominantly  grown.  At  this  gas  supply  condition,  the  phoioiria- 
diation  enhanced  the  growth  rates  of  the  films,  but  only  slightly.  On 
the  other  hand,  the  films  grown  at  the  [Zr]/([Zr)+(TiD  ratio  of  0.65 
had  lower  growth  rates  th^  the  films  grown  at  the  (ZrJ/(|Zr]+|TiJ) 
ratio  of  0.41 .  This  decrease  in  the  growth  rates  was  related  to  the 
value  of  unity,  as  mentioned  in  the  previous  para- 
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Fig.2.  The  dependence  of  Zr/(Zr+Ti)  compositional  ratio  of  films  on 
relative  supply  ratio  of  the  Zr  source  (|Zr)/((Zr]+|Ti))). 
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where  is  a  deposition  time.  The  new  constant  of  k^f  was  equivalent 
to  the  yield  of  M  during  the  CVD  growth  run.  Under  this  assump¬ 
tion,  the  relative  Zr  compositional  ratio  of  the  films  (X=Zr/iZr-i-Ti)) 
was  considered  to  be  a  function  of  the  relative  Zr  supply  ratio 
(x=lZrll(lZrl+[Til))  as; 

^  =  -  (2). 
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The  theoretical  curves  calculated  from  the  experimental  data  by  the 
least  squares  method  are  also  drawn  in  Fig.2.  This  statistical  evalua¬ 
tion  revealed  that  the  atomic  yield  ratio  between  Zr  and  Ti  {k^Jkjf) 
was  0.41  when  the  films  were  grown  without  photoirradiation.  On 
the  other  hand,  in  the  photo-CVD  process,  k^Jkj-,  was  estimated  to 
be  0.48,  which  was  higher  than  that  of  the  thermal-CVD.  Therefore, 
it  was  probable  that  the  UV  light  irradiation  enhanced  the  reactions 
of  the  Zr  precursors  more  drastically  than  these  of  Ti  precursors. 

Growth  Rate 

The  growth  rates  of  the  tetragonal  Pb(Zr,Ti)03  films  ob¬ 
tained  on  Pt/Si02/Si  at  various  (Zr]/([Zrl+(Ti))  supply  ratios  and 
substrate  temperatures  were  investigated.  Figures  3(a)  and  3(b)  show 
the  substrate  temperature  dependence  of  the  growth  rate  of  the  films 
grown  at  [Zr]/([Zr]+[Ti])  ratios  of  (a)0.41  and  (b)0.65,  respectively. 
When  the  [Zr]/((ZrJ+(Ti])  ratio  was  0.41,  the  growth  rates  of  the 
films  were  in  the  range  from  17  to  19nm/min.  at  substrate  tempera¬ 
tures  higher  than  578°C,  where  the  perovskite  Pb(Zr,Ti)03  thin  films 
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Fig.3.  The  dependence  of  growth  rate  of  films  on  substrate  tempera¬ 
ture.  [Zr]/([Zr]+[Ti])  ratios  were  (a)0.41  and  (b)0.65. 


graph.  That  is  to  say,  it  was  difficult  to  achieve  the  high-rate  growth 
of  Pb(Zr,Ti)05  at  the  high  Zr  source  concentrations  because  the 
yield  of  the  Zr  source  in  the  CVD  growth  was  lower  than  that  of  the 
Ti  source.  However,  the  presence  of  photoirradiation  during  the 
growth  run  helped  to  increase  the  growth  rates  of  the  films  obtained 
at  the  [Zrl/((Zr|+(Ti))  ratio  of  0.65.  This  means  that  the  effects  of 
the  UV  light  irradiation  on  the  growth  rate  were  dependent  on  the 
gas  supply  conditions,  and  tended  to  become  greater  as  the  relative 
Zr  supply  ratio  increased.  Therefore,  it  was  probable  that  the  photo¬ 
process  significantly  promoted  the  chemical  reactions  involving  the 
Zr  precursors  in  the  CVD  growth.  As  for  the  effects  of  the  photo¬ 
enhancement,  the  result  on  the  growth  rate  concurred  well  with  that 
on  the  film  composition,  as  described  above. 

Electrical  Properties 

We  also  measured  several  electrical  properties  of  the  films, 
such  as  dielectric  cor.stants,  ferroelectric  hysteresis  properties,  polar- 
izatiorr  switching  characteristics  and  current-voltage  characteristics. 
In  this  paper,  wc  will  report  the  electrical  properties  of  the 
Pb(Zr,.,Ti,,^)03  thin  films  (some  of  them  included  the  other  crystal¬ 
line  phases)  gi  wri  either  by  thermal-CVD  or  photo -CVD,  where 
the  valu  :s  of  A"  w  re  0.43-0.48.  These  films  were  obtained  at  the 
(Zrl/((Zri+(Ti|)  supply  ratio  of  0.65  and  at  substrate  temperatures 
ranging  from  535  to  660°C.  The  thicknesses  of  the  films  measured 
were  between  280  and  320nm.  Au  upper  eiectrodes  with  areas  in  a 
range  irom  3.8xl0-‘’  to  l.OxlO'-cm^  were  prepared  on  the 
Pb(Zr,Ti)03  films  for  the  various  electrical  measurements. 

The  relationship  between  me  relative  dielectric  constant  of 
the  films  and  the  substrate  temperatu  e  is  shown  in  Fig.4.  The  di¬ 
electric  constants  were  drastically  affected  by  the  substrate  tempera¬ 
ture  because  the  crystalline  propenies  of  the  films  depended  on  the 
substrate  temperature.  At  substrate  temperatures  around  578°C, 
where  the  Pb(Zr,T!)03  films  with  perovskite  single  phase  were 
successfully  obtained,  the  rc'ative  dielectric  constants  if  the  films 
were  as  high  as  500-600.  Moreover,  the  photodeposited  thin  films 
had  higher  dielectric  constants  than  the  films  grown  without  nhotoir- 
radiation  at  this  temperature  range.  This  increase  in  the  dielectric 
constant  was  due  ij  the  compositional  and/or  structural  changes 
caused  by  the  photoirradiation 

The  ferroelectric  properties  of  the  Pb(Zr,Ti)03  thin  films 
were  evaluated  by  observing  the  D-E  hysteresis  loops  at  IkHz  using 
the  conventional  Sawyer-Tower  circuit.  Figure  5  illustrates  a  typical 
hvMcrcsis  kxrp  of  a  320nm-thick  Pb(Zr,Ti)03  film  grown  at  SSO^C 
by  our  photo-CVD  methexi.  The  films  grown  at  substrate  tempera¬ 
tures  lower  than  632°C  showed  distinct  ferroelectric  hysteresis 
Uxvps.  regardless  of  whcthci  the  photoirradiation  was  present  or  not. 
As  shown  in  Fig, 4.  most  hysteresis  loops  of  the  films  obtained  in  our 
experiments  were  asymmetric  because  of  the  existence  of  an  internal 
bias  field.  The  cause  of  this  bias  field  is  not  clear  yet.  Though  the 
asymmetric  shapes  of  the  hysteresis  Uxips  prevented  us  from  meas¬ 
uring  accurate  values  of  the  remanent  polarizations  and  coercive 
fields  of  the  films,  they  were  approximately  estimated  as  20- 
35pC  cm-  and  '’0-9()kV  cm,  respectively.  The  remanent  polariza¬ 
tions  of  the  films  tended  to  decrease  as  the  substrate  temperature 
increased,  because  the  crysialline  structures  of  the  Pb(Zr,Ti)03 
films  changed  from  the  c-a\is  (the  polarization  axis)  oriented  struc¬ 
ture  to  the  ( 1 1 1  )-p'^cfcrcntial  oriented  structure  with  the  substrate 
temperature. 

The  polarization  switching  characteristics  of  the  Pb(Zr,Ti)03 
thin  films  were  invcsligaled,  by  apply  ing  double  bipolar  pulses  with 
amplitudes  rangine  from  2  to  8V.  The  widths  of  the  pulses  used 
were  varied  from  1  to  20ii.s.  Figure  6  shows  the  polariziition  .switch¬ 
ing  current  characteristic  of  the  Pb(Zr.Ti)0,  thin  film  grown  at 
550'’C  by  photo-CVD.  This  figure  indicates  the  difference  between 
the  switching  current  transient  generated  by  the  first  and  third  pulses 
and  the  non-switching  current  transient  generated  by  the  second  and 
forth  pulses,  which  were  observed  using  a  51Q  sense  resistor.  The 
switched  charge  densities  measured  were  20-30pC/cm-.  which  were 
less  than  double  the  remanent  pohiriza.ions  of  the  films,  because 


pulse  amplitudes  higher  than  8V  were  required  to  switch  the  ferro¬ 
electric  domains  in  the  Pb(Zr,Ti)03  films  completely.  On  the  other 
hand,  the  switching  times  of  the  films  monotonically  shortened  as 
the  area  of  the  upper  electrode  decreased.  When  electrodes  with  the 
areas  less  than  S.OxlO-^cm^  were  used,  switching  times  as  short  as 
50- 70ns  could  be  achieved,  as  shown  in  Fig.6. 
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Fig.4.  The  dependence  of  relative  dielectric  constant  of  films  on 
substrate  temperature. 


Fig. 5.  D-E  hysteresis  loop  of  a  320nm-thick  Pb(Zr,Ti)03  film 
grown  at  550°C  by  photo-CVD. 


Fig.6.  Polarization  swithing  current  characteristic  of  the  Pb(Zr,Ti)03 
film  grown  at  550°C  by  photo-CVD. 
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Fig.  7,  Leakage  current  characteristics  of  Pb(Zr,Ti)0,  thin  films 
grown  by  photo-CVD. 


substrates.  However,  it  was  difficult  to  reduce  the  substrate  tempera¬ 
tures  required  to  grow  the  perovskite  Pb(Zr,Ti)Oj  in  the  present 
photo-CVD  system.  The  UV  light  irradiation  during  the  CVD 
growth  helped  to  increase  both  the  relative  2j  compositional  ratios 
and  growth  rates  of  the  films.  These  results  revealed  that  the  photo- 
process  enhanced  the  chemical  reactions  involving  the  Zr  precur¬ 
sors. 

The  electrical  properties  of  the  obtained  tetragonal 
Pb(Zr,Ti)03  thin  films  and  their  dependence  on  the  substrate  tem¬ 
perature  were  also  investigated.  The  Pb(Zr,Ti)0,  films  with  the 
highest  dielectric  constants  were  grown  around  578°C.  On  the  other 
hand,  the  films  with  good  ferroelectric  properties  and  excellent  leak¬ 
age  current  characteristics  were  successfully  obtained  at  substrate 
temperatures  as  low  as  55()°C.  These  films  showed  high-speed 
polarization  switching  behaviors.  We  also  observed  some  effects  of 
the  photoirradiation  on  the  electrical  properties,  e.g.,  an  increase  in 
dielectric  constants.  Therefore,  detailed  investigations  of  the  rela¬ 
tionship  between  the  photo-process  and  the  electrical  properties  arc 
now  conducted. 


The  current-voltage  characteristics  of  the  Pb(Zr,Ti)03  films 
were  also  investigated.  Figure  7  shows  the  leakage  current  densities 
of  the  films  grown  by  photo-CVD  as  a  function  of  the  applied  elec¬ 
tric  field.  The  leakage  currents  became  lower  as  the  substrate  tem¬ 
perature  decreased,  in  a  temperature  range  from  550  to  632°C. 
Especially,  the  photodeposited  film  obtained  at  550°C  had  a  leakage 
current  density  lower  than  10-*A/cm’  at  electric  fields  below 
250kV/cm  (at  applied  voltages  below  8V).  This  improvement  in 
tolerance  for  leakage  was  due  to  a  change  of  the  microst.nictures  of 
the  thin  films,  which  were  much  dependent  on  the  substrate  tempera¬ 
ture. 

The  photoirradiation  during  the  growth  run  affected  the 
dielectric  constants  of  the  tetragonal  Pb(Zr,Ti)Oj  thin  films,  as 
mentioned  above.  Moreover,  some  differences  in  the  other  electrical 
properties,  such  as  the  shape  of  the  hysteresis  loop,  internal  bias 
field  and  leakage  characteristics,  were  also  observed  between  the 
films  grown  by  photo-CVD  and  those  by  thermal-CVD.  It  is 
probable  that  these  differences  in  the  electrical  properties  relate  to 
the  structural  and  compositional  changes  caused  by  the  photo¬ 
process.  The  details  of  the  effects  of  the  photoirradiation  On  the 
dielectric  and  ferroelectric  properties  of  the  Pb(Zr,Ti)03  thin  films 
arc  now  being  studied. 

Conclusions 

The  photo-CVD  of  the  Pb(Zr,Ti)03  thin  films  was  carried 
out  using  tetraethyl  lead  (Pb(C2H3),),  zirconium  tetratertiarybutox- 
ide  (Zr(0-t-C4H,)4),  titanium  tetraisopropoxide  (Ti(0-i-C3H7)4) 
and  oxygen  (O2)  as  source  materials.  The  films  were  grown  at  rela¬ 
tive  Zr  source  supply  ratios  below  0.65  and  substrate  temperatures 
ranging  from  525  to  660°C.  The  UV  light  source  used  was  a  Xe-Hg 
lamp. 

In  our  experiments,  two  types  of  perovskite  Pb(Zr,Ti)03 
films,  tetragonal  films  and  rhombohedral  films,  were  successfully 
obtained  by  controlling  the  growth  conditions.  In  the  photo-en¬ 
hanced  CVD  process,  growth  of  (1 1  l)-orientcd  tetragonal 
Pb(Zr,Ti)03  thin  films  was  observed,  particularly  on  (()0()l)sapphirc 
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Abstract 

Standard  ONO  capacitors  may  be  replaced  by  high  dielectric 
constant  materials  such  as  Bax-xSrxTiOs  (BST)  in  256  megabit  (Mb) 
and  1  gigabit  (Gb)  dynamic  random  access  memories  (DRAMs).  A 
reduced  pressure  MOCVD  process  for  the  growth  of  BaSrTiOs  thin 
films  was  developed  in  a  2"  inverted-vertical  reactor  and 
preliminary  studies  were  carried  out  to  scale  this  process  to  a 
commercially  available  single-wafer  tool.  Novel  process 
technology  was  used  as  the  CVD  sources  were  dissolved  in  a  liquid 
which  was  metered  into  a  vaporizer  with  a  high  precision  pump  . 
Implementation  of  this  process  gave  uniform  deposition  of  perovskite 
phase  BaTiOs  over  the  entire  surface  of  a  150  mm  Pt  metallized  Si 
wafer.  These  films  exhibited  crystallographic  texture  in  the  (1001 
direction  and  thickness  uniformity  belter  than  ±10%.  The  BaSiTiOa 
thin  films  grown  in  the  2"  reactor  were  predominantly  [111] 
oriented;  dielectric  constants  greater  than  400  and  dc  leakage  of  7  x 
10'®  A/cm  were  achieved. 


iiniectives 

BaTiOa-SrTiOa  is  a  set  of  solid  solutions  with  exceptional 
electronic  properties;  the  temperature  dependence  and  amplitude  of 
the  dielectric  constant  can  be  engineered  via  manipulation  of  the 
Ba:Sr  ratio  and  the  grain  size.*  These  properties  enable  many 
applications  for  this  material,  which  include  storage  capacitors  in 
conventional  as  well  as  low  temperature  Si-based  integrated 
electronic82,  pyroelectric  detector  array  elements  in  room 
temperature  infrared  sensors, 3  cell  capacitors  in  dynamic  and 
static  random  access  memories  (DRAMs  and  SRAMs),  decoupling 
capacitors  for  E-M  noise  suppression'*,  and  filters  for  cellular 
communications. 

The  use  of  BST  thin  films  for  256  Mb  and  1  Gb  DRAMs  is 
being  actively  investigated  by  several  groups;  high  capacitance  per 
unit  area  and  low  dc  leakage  have  been  demonstrated  using  various 
film  deposition  methods  that  include  physical  vapor  deposition 
(PVD),  chemical  vapor  deposition  (CVD)  and  "wet”  techniques. 
These  methods  include  ion®  and  magnetron  sputtering®,  reactive  co- 
evaporation'^,  metalorganic  chemical  '  .ipor  deposition  (MOCVD)8 
and  metal-organic  decomposition,  which  entails  either  spin-on  or 
nebulized  liquid  application  of  metalorganic  precursors  followed  by 
heat  treatments^.  The  primary  focus  of  these  efforts  has  been  to 
deposit  BST  thin  films  with  electrical  properties  suitable  for  use  as 
storage  capacitors  in  ULSl  DRAMs.  Miyasaka  et  al.  have  recently 
reviewed  BST  film  performance  and  compared  present  performance 
to  the  projected  capacitance/area  required  at  storage  nodes  for  256  Mb 
and  1  Gb  DRAMs*®.  Equivalent  Si02  thickness**  (teq)  of 
approximately  0.3  nm  is  required  for  planar  capacitors  in  256  Mb 
devices.  Present  ONO  multilayers*2  have  t<>o  =  5  nm..  TayO^  films 
have  tjq  -  2.5  nm.  and  results  to-date  for  BST  films  deposited  using 
PVD  methods  are  limited  to  teq  =  *  nm.  While  this  falls  short  of 
required  capacitance/area  by  a  factor  of  3,  required  capacitance  may 
be  realized  by  moderate  increases  in  the  effective  capacitor  area  by 
conformal  BST  deposition  over  a  3  dimensional  bottom  electrode  of 
moderate  topography. 

Chemical  vapor  deposition  (CVD)  is  uniquely  capable  of 
uniform,  conformal  deposition  over  submicron  features  which,  in 
addition  to  the  ease  of  scale-up  to  manufacturing  volumes,  is  the 
main  reason  for  its  widespread  acceptance  in  the  semiconductor  IC 
industry.  The  development  of  a  BST  MOCVD  process  in  a  research 
tool  and  subsequent  scale-up  to  a  state-of-the-art  commercial  CVD 
system  is  described  below. 


Technical  approach 

mot'vd  of  complex  oxides  (both  ferroelectric  perovskites  and 
high  T^  films)  has  been  ongoing  at  ATM  for  the  past  five  years  and 
during  that  time  we  have  identified  the  key  process  parameters 
which  substantially  impact  film  stoichiometry  and  crystallinity. 
This  experience  provides  the  basis  of  our  technical  approach  for 
scaling  processes  developed  in  relatively  small  "research"  CVD 
reactors  to  a  larger  CVD  reactor  which  is  described  below. 


Thermal  vs.  plasma-enhanced  MOCVD 

An  important  consideration  in  the  development  of  the  BST 
MOCVD  process  was  the  energy  source  for  activation  of  the 
precursors  (both  cation  and  oxygen)  and  film  crystallization;  a 
standard  thermal  process  employing  a  N2O/O2  oxidizer  gas  mixture 
was  selected.  In  previous  efforts  an  RF  plasma  was  used  to  remotely 
generate  atomic  oxygen  (and  other  active  species),  which  were  then 
transported  to  the  substrate  via  gas  flow  in  the  reactor.  Remote 
generation  of  short-lived,  excited  species  such  as  atomic  oxygen 
results  in  large  reactant  concentration  gradients  making  control  of 
growth  conditions  over  a  large  area  difficult.  Another  shortcoming 
is  the  strong  tendency  of  the  O2  plasma  by-products  to  stimulate 
premature  gas-phase  reactions  with  the  metalorganics,  even  at  very 
low  plasma  powers.  Particulates  resulting  from  premature 
reactions  are  not  acceptable  in  a  VLSI  device  manufacturing  step; 
stringent  cleanliness  requirements  are  being  driven  by  ever 
decreasing  device  feature  size  and  increasing  yield  requirements, 
especially  for  DRAMs. 

Standard  thermal  MOCVD  processes  are  much  simpler  to 
control  their  plasma  assisted  analogs  and  once  developed,  scaling  to 
different  reactor  geometries  is  less  difficult.  Recent  results  obtained 
by  ATMlS  and  reported  in  the  literature*4.15,16  in  the  MOCVD  of 
related  Ba  and  Sr  containing  compounds  (high  temperature 
superconductors)  indicate  that  replacing  oxygen  with  N2O  or  ozone 
(O3)  has  a  similar  effect  as  a  remote  oxygen  plasma  in  lowering  the 
temperature  required  for  the  in-situ  formation  of  the  perovskite 
phase.  Both  N2O  and  ozone  are  thermally  more  liable  than  oxygen 
leading  to  higher  concentration  of  atomic  oxygen  (vs.  molecular)  at 
moderate  temperatures  and  it  has  been  widely  speculated  that  this  is 
the  underlying  mechanism  responsible  for  reducing  the  deposition 
temperature  of  the  Ba-  and  Sr-  based  perovskites.  Thermal 
decomposition  of  N2O  may  in  fact  be  a  significant  (or  predominant) 
mechanism  in  plasma-enhanced  processes  that  employ  this  gas. 
The  scaling  of  the  BST  MOCVD  process  has  therefore  focused  on 
thermal  decomposition  of  N2O  as  a  low  temperature  source  of  atomic 
oxygen.  Figure  1  schematically  illustrates  this  approach  for  scaling 
the  BST  deposition  process  to  the  Watkins-Johnson  Select  7000 
reactor.  Development  of  a  thermal  process  was  the  first  step;  initial 
work  in  the  8"  reactor  utilized  a  ternary  system,  BaTiOs,  to  simplify 
process  and  thin  film  characterization. 


BaSiTiOa  BaSrTiOs  BaTiOs 

Figure  1  Schematic  of  technical  approach.  A  thermal  process  for 
BST  deposition  has  been  implemented  in  a  2"  reactor;  initial  work 
in  the  8"  reactor  will  use  this  process  and  concentrate  on  BaTiOs. 
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A  second  m^jor  iseue  in  the  development  of  e  BST  MOCVD 
process  is  the  controlled  introduction  of  relatively  involatile 
precursors  to  the  reactor.  Regardless  of  the  type  of  compound 
(inorganic,  metalorganic,  alkoxide,  etc.)  the  desirabiUty  of  CVD  for 
film  deposition  has  intensified  the  search  for  CVD  precursors  for 
many  materials  where  obvious  choices  (gaseous  compounds)  do  not 
exist,  and  in  general  the  volatiliD'  of  these  new  sources  is  somewhat 
less  than  what  is  desired.  Quite  often  liquid  sources  (and  sometimes 
solid  sources)  are  the  only  viable  precursor  choice^ and 
conventional  techniques  for  controlled  vaporization  and  delivery  of 
these  compounds  utilizing  bubblers  do  not  give  reproducible 
results. Consequently,  an  alternative  approach^^  which  uses 
liquid  solutions  of  the  metalorganic  precursors  was  developed.  In 
this  approach,  the  liquid  solutions  were  supplied  to  a  vaporization 
zone  using  a  high  precision  pump.  (Figure  2)  Downstream  of  the 
vaporization  zone  a  homogeneous  gas  of  the  precursors  flows  to  the 
reactor;  this  part  of  the  system  must  be  heated  to  prevent  condensation 
of  the  reactants.  The  major  advantage  of  the  liquid  delivery 
approach  is  that  liquids  can  be  mixed  just  prior  to  vaporization; 
besides  the  simplicity  of  this  approach  the  ability  to  make  slight 
composition  adjustments  via  computer  control  makes  this  approach 
highly  desirable.  Once  the  process  has  optimized,  the  simultaneous 
delivery  of  all  the  cation  species  to  the  substrates  via  a  single  solution 
is  possible  and  this  is  inherently  superior  to  separate  precursor 
manifolds  in  terms  of  both  film  stoichiometry  and  system 
complexity.  This  technique  has  been  successfully  used  by  ATM  for 
growth  of  BaSrTiOa  and  YBaCuO^^.  Properties  of  HTSC  and 
ferroelectric  films  deposited  using  this  process  have  been 
comparable  to  films  gp'own  by  any  technique  and  to  the  best  of  our 
knowledge  in  the  case  of  the  BST  superior  to  all  published  CVD 
results.  The  controlled  delivery  of  relatively  involatile  CVD 
precursors  offered  by  this  technique  opens  the  doors  to  a  broad  range 
of  CVD  processes,  especially  those  which  employ  simultaneous 
delivery  of  several  compounds.  The  possibility  of  donor-doping  to 
suppress  dc  leakage  may  also  be  addressed  in  a  simple  way  by  use  of 
this  technique. 


Figure  2.  Schematic  of  liquid  delivery  technique  for  simultaneous, 
controlled  introduction  of  metalorganic  compounds  to  the  CVD 
reactor. 


BaSrTiOa  film  properties  (2"  reactor) 

Process  description 

As  described  above  a  thermal  CVD  process  for  BST  was  first 
developed  in  the  research  scale  reactor  and  the  single  solution  liquid 
delivery  technique  was  used  to  introduce  the  metalorganic 
precursors:  Ba(thd)2-tetraglyme,  Sr(thd)2-tetraglyme  and 
Ti(OPr)2(thd)2.  Reactor  geometry  was  the  inverted-vertical  type 
with  a  2”  wafer  capability  described  in  earlier  publications.^I'l^^ 
The  Ba/Sr  ratio  was  75:25.  Growth  temperature  was  650°C  and  total 
pressure  was  525  mTorr.  A  mixture  of  nitrous  oxide  (N2O)  and 
oxygen  were  used  as  the  oxidizer  gas;  flow  rates  were  100  seem  for 
each  component.  Ar  was  used  as  a  carrier  gas  at  100  seem  and  the 
BST  films  were  grown  on  a  Pt/Ta  metallized  Si  wafer;  typical  film 
thickness  was  in  the  1400-3300A  range. 


X-ray  diffraction  indicates  that  films  grown  under  these 
conditions  were  perovskite  phase  with  preferred  orientation  (texture) 
in  the  (111)  direction.  (Figure  3)  The  Pt  film  substrate  also  had  this 
predominant  orientation.  In  contrast;  BST  films  grown  using  an  O2 
plasma-enhanced  processes  with  otherwise  similar  deposition 
conditions  were  typically  random  oriented;  the  reason  for  this 
difference  is  not  known  at  present. 


Figure  3.  X-ray  diffraction,  BST  deposited  using  the  thermal  process 
on  metallized  Pt.  JCPDS  Card#  34-411  (Bao.6Sro.4Ti03)  is  overlaid. 

Film  morphology  was  quite  smooth,  comprised  of  a 
homogeneous,  tightly  packed  system  of  crystallites  that  were  less 
than  lOOOA  in  diameter.  Surface  roughness  was  measured  using 
stylus  profl)onietry.24  Roughness  of  the  BST  films  on  the  Pt 
metallization  was  typically  50-70A  RMS,  although  this  value  was  not 
significantly  different  from  that  of  the  metallized  Si  which  was 
exposed  to  the  growth  conditions  without  the  metalorganics  present, 
indicating  that  the  BST  film  contributed  little  additional  roughness. 
Roughening  of  the  Pt  bottom  electrode  coupled  with  partial  oxidation 
of  the  refractory  metal  binder  layer  has  also  been  reported  by  other 
workers.25,26 


BST  film  electrical  nmperties 

Dielectric  properties  from  100  Hz  to  1  MHz  were  measured 
with  an  HP  4192A  impedance  analyzer,  using  evaporated  gold 
contacts  and  the  Pt  base  layer  as  the  top  and  bottom  electrodes, 
respectively.  Polarization  vs.  E-field  was  measured  using  a 
modified  Sawyer-Tower  circuit  configuration.  DC  conductivity  was 
measured  using  a  Keith  ley  617  electrometer.  The  field  dependence 
of  the  dielectric  constant  or  "quasi-static  C-V  characteristic”  of  the 
BST  films  was  determined  with  the  impedance  analyzer  at  1  MHz  (1 
mV)  and  a  sweeping  dc  voltage  (+10  to  -10  V). 

Films  typically  showed  slight  f;rroeIectricity,  for  example  a 
coercive  field  of  9kV/cm  and  a  remnant  polarization  of  2  pC/cm^ 
were  obtained  for  a  film  of  3300  A  thickness.  Capacitance-voltage 
(Figure  4)  similarly  shows  slight  hysteresis  and  decrease  in  the 
dielectric  constant  as  polarization  becomes  partially  saturated.  The 
macroscopically  observed  dielectric  constant  was  found  to  depend  on 
film  thickness  (Figure  5);  this  could  be  caused  by  a  low  dielectric 
constant  interface  layer  at  the  BST-Pt  interface,  compositional  or 
microstructural  inhomogeneities  (with  depth),  or  intrinsic  grain 
size  effects  which  are  poorly  understood  at  present.  The  dielectric 
constant  showed  almost  no  dependence  on  temperature  (Figure  6) 
which,  along  with  the  suppressed  dielectric  constant  (relative  to 
ceramics)  is  consistent  with  the  published  data  on  the  dielectric 
properties  in  fine-grained  BaTiOs  and  SrTiOa  ceramics. 2  7 
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Leakage  current  at  3V  was  7  x  lO"®  A/cm^  and  resistivity  was  as  high 
as  10*®  li-cm,  although  there  was  significant  variability  in  the 
conduction  characteristics  which  suggests  that  extrinsic  defects 
(pinholes,  particulates,  bottom  electrode  discontinuities)  may  be 
responsible. 

While  these  leakage  properties  are  not  yet  suitable  for 
DRAMs,  the  achievement  of  high  dielectric  constant  films  using  a 
thermal  N2O/O2  CVD  process  is  significant  and  demonstrates  the 
viability  of  the  approach.  At  this  stages  efforts  to  scale  the  BST 
MOCVD  process  to  the  Select  7000  CVD  system  were  initiated; 
preliminary  results  are  describe  in  the  next  sections. 
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WJ  Select  7000  modifications 

The  Watkins  Johnson28  Select  7000  is  a  low-pressure  CVD 
module  designed  for  use  in  a  cluster  tool  configuration  (Figure  3). 
This  tool  conforms  to  Modular  Equipment  Standards  Committee 
(MESC)  specifications  for  semiconductor  equipment.  The  reactor 
uses  a  "shower  head"  inlet  to  the  reactor  chamber;  both  the  shower 
head  and  the  wafer  are  nearly  vertical  during  film  deposition.  As 
mentioned  above  the  inlet  sub-system  needs  to  be  heated  to  prevent 
condensation  or  decomposition  of  the  metalorganics  downstream  of 
the  vaporization  zone  and  modifications  to  the  standard  Select  7000 
inlet  were  made  in  two  phases  to  achieve  uniform  heating.  The 
liquid  delivery  technology  developed  in  smaller  reactors  was  also 
adapted  to  the  Select  7000  hardware.  Vaporizer  design  and  operation 
were  essentially  unchanged  from  the  initial  work  demonstrating  the 
versatility  of  the  liquid  delivery  approach. 


Figure  7.  Schematic  (top-view)  of  Watkins  Johnson  Select  7000  CVD 
tool  in  a  cluster  too)  configuration.  "Footprint"  of  the  Select  7000 
module  is  approximately  3"  x  3". 


BaTiQ^  film  results  on  150  mm  wafers 

BaTiOa  films  were  deposited  on  Pt  metallized  Si  wafers 
under  conditions  similar  to  those  used  tor  BST  films  in  the  2” 
fiameter  research  reactor  described  above.  Relatively  simple 
adjustments  in  pressure,  flow  and  precursor  concentrations  gave 
single  phase  BaTiOa  films  in  the  perovskite  structure,  with  strong 
texture  in  the  1 100)  orientation.  (Figure  8.)  Films  deposited  thus  far 
were  500-1500A  thick  with  a  typical  thickness  non-uniformity  of  less 
than  ±10%.  Buoyancy  effects  (convection)  caused  by  the  vertical 
substrate  orientation  is  the  most  probable  cause  of  the  non¬ 
uniformity,  and  future  experiments  will  investigate  the  use  of  lower 
pressures  to  suppress  this  influence. 

The  dielectric  constants  for  films  1200A  thickness  were 
greater  than  450,  which  corresponds  to  capacitance/area  greater  than 
35  fF/pm2,  Films  at  present  have  relatively  low  resistivity  (<  10®  fl- 
cm)  which  may  be  a  consequence  of  microstructure  resulting  from  a 
reduction  in  the  deposition  temperature  to  600°C.  The  susceptor 
temperature  is  presently  limited  to  this  temperature  because  of 
thermal  non-uniformities  in  the  injector  region.  The  next  iterations 
in  the  reactor  design  will  address  the  issue  of  active  temperature 
control  of  all  regions  in  the  injector  assembly,  and  will  be 
accompanied  by  numerical  modelling  of  the  fluid  flow  through  the 
shower  head  and  in  the  proximity  of  the  heated  substrate. 


Fi^ire  fi  Temperature  dependence  of  dielectric  constant. 
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Fiyure  8.  X-ray  diffraction  for  a  BaTiOs  film  deposited  on  a  150  mm 
Pt  metallized  Si  wafer.  Film  thickness  is  1200  A.  Thickness 
nonuniformity  is  less  than  ±10%. 


Conclusions 

A  MOCVD  process  for  deposition  of  BaSrTiOs  thin  films 
suitable  for  DRAMs  was  developed.  The  CVD  process  utilizes  a 
novel  technique  for  controlled  introduction  of  metalorganic 
compounds  to  the  reactor  via  a  single  liquid  solution.  The  viability 
of  a  thermal  MOCVD  process  using  N2O/O2  as  the  oxidant  was 
demonstrated;  BaSrTiUa  films  with  dielectric  constants  greater 
than  400  and  dc  leakage  of  7  x  10  ®  A/cm  were  achieved  on  50  mm 
wafers.  Implementation  of  this  process  in  a  commercial  single 
wafer  tool  resulted  in  the  deposition  of  perovskite  phase  BaTiOs  over 
the  entire  surface  of  a  150  mm  Pt  metallized  Si  wafer.  The  films 
were  pol.;Crystalline,  single  phase,  single  orientation  1 1001  with 
thickness  uniformity  better  than  ±10%. 
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Abstract 

We  have  determined  the  effects  that  orientation  and  stress 
have  on  chemically  prepared  Pb(Zr,Ti)Oj  (PZT)  film  properties. 
Systematic  modification  of  the  underlying  substrate  technology  has 
permitted  us  to  fabricate  suites  of  films  that  have  various  degrees 
of  orientation  at  a  constant  stress  level,  and  to  also  fabricate  films 
that  are  in  different  states  of  stress,  but  have  similar  orientation 
We  have  fabricated  highly  oriented  films  of  the  following 
compositions:  PZT  60/40,  PZT  40/60  and  PZT  20/80.  Remanent 
polarizations  (=60  pC/cm*)  greater  than  the  best  bulk 
polycrystalline  ferroelectrics  were  obtained  for  PZT  40.  60  films 
that  were  under  compression  and  highly  (001)  oriented.  While  we 
show  that  systematically  varying  orientation  influences 
ferroelectric  properties,  film  stress  also  has  a  considerable  effect. 
Perhaps  the  most  important  concept  presented  in  this  paper  is  that 
the  sign  of  the  film  stress  at  the  Curie  point  controls  the  type  of 
ferroelectric  behavior  exhibited  by  PZT  thin  films.  Further,  our 
stress  measurements  as  a  function  of  thermal  history  indicate  that 
the  coefficient  of  thermal  expansion  of  the  paraelectric  state  is 
critical  in  determining  the  type  of  film  ferroelectric  behavior. 


Introduction 

Our  work  is  one  of  the  first  attempts  to  isolate  the  effects 
•hat  orientation  and  stress  have  on  ferroelectric  thin  film 
properties  We  have  fabricated  highly  oriented  pseudocubic  (100) 
PZT  films  by  meshing  two  diverse  technologies;  1)  KF  magnetron 
sputtering  of  (100)  oriented,  topotactical,  Pt  electrodes,  and  2) 
rapid  thermal  processing  of  solution  derived  PZT  thin  films  using 
a  temperature  gradient.  The  degree  of  orientation,  in  otherwise 
identical  PZT  films,  has  been  controlled  by  manipulating  the 
sputter  deposition  parameters  of  the  bottom  Pt  elecirode.  Thus, 
we  have  an  excellent  property  comparison  of  oriented  and 
randomly  oriented  PZT  films  that  have  the  following  similarities: 

1)  the  same  thickness  (340  nm),  2)  both  films  were  deposited  from 
the  same  solution  at  the  same  time,  3)  both  films  were  thermally 
processed  under  identical  conditions  at  the  same  time,  and  4) 
identical  substrate  materials  were  used,  100  nm  thick  Pt  films 
deposited  on  (100)  MgO  single  crystals.  A  range  of  stress  levels 
were  obtained  in  PZT  films  by  appropriate  control  of  thermal 
processing  parameters  and  the  use  of  either  silicon,  sapphire  or 
MgO  substrates. 

Oriented  ferroelectric  thin  films  of  Pb(Zr,Ti)03  with  large 
polarizations  offer  technological  advantages  for  a  range  of  optical 
and  electronic  applications.  Previous  work*  has  indicated  that  as 
material  structure  evolves  from  randomly  oriented,  complex, 
polycrystalline  ensembles  to  single  crystals  in  tetragonally  distorted 
simple  perovskite  ferroelectrics,  such  as  PZT  40/60,  distinct  trends 
in  electrical  properties  occur.  BaTiOj  and  KNb03  are  examples  of 
simple  perovskite  ferroelectric  materials  that  have  the  same 
nonpolar,  cubic,  prototypic  symmetry  (m3m)  and  the  same  polar, 
tetragonal  symmetry  (4mm)  as  PZT  40/60.  If  the  same  property  - 
structure  relationships  hold  for  PZT  40/60,  as  for  BaTiOs  and 
KNb03,  then  (001)  oriented  PZT  40/60  films  should  have  higher 
polarizations,  lower  coercive  fields,  lower  dielectric  constants, 
higher  electrooptic  coefficients,  and  potentially  lower  optical  loss 
than  similar  PZT  40/60  films  that  are  not  preferentially  oriented. 
Among  the  applications  for  which  oriented  PZT  films  will  be  of 
interest  are  pyroelectric  detectors,  optical  disk  storage  systems, 
optical  waveguide  devices,  and  spatial  light  modulators.  A  further 
benefit  of  orientation  may  be  to  enhance  process  integration  of 
ferroelectric  thin  film  and  semiconductor  technologies. 

A  specific  application  for  which  highly  oriented  ferroelectric 
thin  films  with  high  polarizations  enhance  device  performance  is 
eraseable  nonvolatile  optical  disk  storage.  Dimos*  has 
demonstrated  that  thin  (<1  pm)  films  can  be  utilized  in  such  a 
device.  This  device  consists  of  a  PZT  thin  film  sandwiched 
between  two  transparent  conducting  electrodes.  The  device  write 
operation  consists  of  focussing  a  laser  b^am  to  the  PZT  element 
which  changes  the  polarization  state  and  thus  the  birefringence  of 
the  pixel.  The  disk  read  is  obtained  by  focussing  a  laser  beam  to 


the  desired  pixel  and  monitoring  the  change  in  optical  retardation 
via  a  photodetector.  Highly  oriented  films  with  large  polarizations 
will  possess  large  electrooptic  coefficients  and  thus  enhance  the 
signal  to  noise  ratio  of  these  devices.  For  the  multiple  pass 
technique  of  measurement,  the  high  degree  of  orientation  may 
lessen  optical  loss;  and  thus,  further  enhance  device  performance 

Several  workers*  *  have  reported  on  fabrication  of  oriented 
PZT  and  PLZT  films  by  vapor  deposition  techniques.  Kingon  and 
coworkers*  deposited  (100)  oriented  PZT  40/60  films  by  ion  beam 
deposition  on  platinized  MgO.  Ogawa  and  coworkers*  deposited 
c-axis  oriented  (Pb,La)Ti03  thin  films  on  MgO  substrates  using 
RF  magnetron  sputter  deposition.  We  have  used  the  work  of 
iijima  and  coworkers*  as  a  model  for  our  studies.  Iijima  and 
coworkers  deposited  oriented  (100)  PLT  films  by  RF  magnetron 
sputter  deposition  on  (100)  Pt  film  //  (100)  MgO  substrates 
Highly  oriented  (100)  Pt  films  on  (100)  MgO  single  crystal 
substrates  were  deposited  at  a  deposition  temperature  ol  600°C 
and  a  sputtering  gas  mixture  of  50:50  Ar;0  Although  our  spelter 
gas  composition  and  deposition  temperature  weie  slightly  different 
than  lijima’s.  we  have  followed  a  similar  procedure  for  the 
fabrication  of  (100)  oriented  Pt  films  on  (100)  MgO  Iijima  and 
coworkers  were  able  to  RF  sputter  deposit  highly  oriented  PLT 
films  with  good  ferroelectric  properties  using  the  following 
process  parameters:  a  PLT  target  with  excess  Pb,  a  deposition 
temperature  of  60O°C.  and  a  50/50  O/Ar  gas  mixture. 

Deposition  on  insulating  substrates  of  oriented  ferroelectric 
thin  films,  fabricated  by  solution  chemistry  techniques,  have  been 
reported  by  several  workers  ®  *  For  example,  Hirano®  and  Payne^ 
have  deposited  highly  oriented  LiNbOa  films  on  sapphire 
substrates.  Swartz  and  coworkers*  have  deposited  highly  oriented 
PblMgo  saNbo 67)03  films  on  SrTiOs  substrates  Transmission 
electron  micrograph  lattice  images  indicate  epitaxial  relationships 
between  film  and  substrate  exist.  However,  reports  of  deposition 
of  highly  oriented  ferroelectric  films  fabricated  by  solution 
chemistry  on  conducting  substrates  and  associated  electrical 
measurements  have  been  limited  to  date. 


Experimental  Procedure 

We  fabricated  PZT  thin  films  using  a  modification  of  the 
hybrid  solution  deposition  procedure®  developed  by  Saver  and 
coworkers.  Our  0.4  M  solutions  were  synthesized  using  an 
inverted  mixing  order  (IMO)  process*®  for  which  the  Zr  and  Ti 
alkoxides  are  blended  first  before  the  addition  of  the  lead 
precursor.  Excess  Pb  (5  mol%)  was  added  to  enhance  formation 
of  the  perovskite  phase;  and  thus,  improve  electrical  properties. 
First,  titanium  isopropoxide"  was  added  to  zirconium  butoxide- 
butanol*'  and  stirred  for  5  min.  Methanol  and  acetic  acid  were 
then  added  to  the  solution,  followed  by  addition  of  lead  (IV) 
acetate,*^  The  solution  was  then  heated  to  85°C  to  dissolve  the 
lead  precursor.  Additional  acetic  acid,  methanol  and  distilled 
water  were  added  to  control  solution  viscosity  and  to  improve 
solution  stability.  Our  thin  films  were  deposited  by  spin-coating 
at  3000  rpm  for  30  seconds.  Following  deposition,  we  heat  treated 
the  thin  film  layer  at  300°C  for  5  min  on  a  hot  plate  Three  film 
layers  were  deposited  to  attain  the  final  film  thickness  of  3400A. 

We  dc.^’.oped  a  novel  rapid  thermal  processing  (RTP) 
procedure  using  a  temperature  gradient  to  crystallize  our  films 
into  the  perovskite  phase.  First,  the  films  were  loaded  onto  a  Si 
wafer  susceptor  and  the  RTP  system#  was  evacuated  and 
backfilled  with  oxygen  twice.  A  heating  rate  of  125°C/min  and  a 
soak  temperature  and  time  of  650°C  for  10  min  were  typical  RTP 
parameters  used  to  crystallize  the  films.  Further,  for  the  most 
highly  oriented  films,  only  the  quartz  lamps  below  the  samples 
were  used,  such  that,  a  significant  lempeiature  gradient  existed 
between  the  top  and  bottom  of  the  PZT  film.  Our  goal  was  to 
have  the  perovskite  PZT  nucleate  at  the  electrode  interface;  and 
thus,  enhance  the  epitaxial  /  topotactical  relationships  between 
film  and  substrate  that  are  necessary  for  the  formation  of  highly 
oriented  PZT  thin  films. 

*  Aldrich  Chemical  Company,  Inc  ;  Milwaukee,  W1 
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We  have  used  RF  magnetron  sputter  deposition  to  fabricate 
(100)  oriented  Pt  thin  films  on  (100)  single  crystal  MgO  substrates 
and  to  fabricate  (111)  oriented  Pt  thin  films  on  sapphire  substrates. 
For  highly  oriented  Pt  film  growth,  MgO  substrates’*  with  an 
epitaxial  surface  finish  were  used.  These  substrates  were  thermally 
annealed  at  400*C  in  air  for  10  min  and  then  placed  in  vacuum 
(10‘*  Torr)  at  SOO’C  for  5  min  to  remove  any  surface 
contamination.  We  used  the  following  sputter  deposition 
parameters:  4*  diameter  targets,  a  target  -  substrate  separation 
distance  of  10  cm,  a  pressure  of  6  mTorr  during  sputter  deposition, 
and  an  RF  power  of  13  watts.  Deposition  rates  were  on  the  order 
of  20A/min.  Deposition  temperatures  ranging  from  430*C  to 
625°C  and  O/Ar  sputter  gas  ratios  ranging  from  0/100  to  50/50 
were  investigated  in  this  study.  Our  best  conditions  for  fabricating 
highly  oriented  (l(X))  Pt  films  were  a  deposition  temperature  of 
625°C  and  I0C%  Ar  sputtering  gas.  Amorphous  Pt  films,  which 
were  used  for  fabricating  randomly  oriented  P2T  films,  were 
deposited  under  conditions  of  600  °C  and  a  50/50  Ar/0  sputter  gas 
mixture. 

Electrical  characterization  of  PZT  40/60  films  consisted  of 
low  field  (=  3  kV/cm)  dielectric  measurements  and  ferroelectric 
hysteresis  loop  measurements  using  an  applied  field  of  300  kV/cm. 
While  a  Hewlett-Packard  model  HPI492A  network  analyzer  was 
used  for  the  low  field  dielectric  constant  measurements,  most  of  the 
ferroelectric  measurements  were  made  with  a  Radiant  Technologies 
model  RT66A  ferroelectric  tester.  A  virtual  ground  test 
configuration  was  used,  with  a  triangular  wave  period  of 
approximately  20  ms.  For  consistency,  and  to  obtain  a  truly 
representative  comparison  of  ferroelectric  films  in  the  same  poled 
state,  we  dc  poled  alt  capacitors  with  +5  volts  (150  kV/cm)  for  2 
seconds  at  ambient  before  dielectric  measurement.  Low  field 
dielectric  property  measurements  were  then  performed  before  the 
high  field  ferroelectric  measurements.  Further  validation  of  the 
ferroelectric  properties  of  these  films  was  accomplished  by 
measuring  hysteresis  loops  over  a  relatively  wide  range  of 
frequencies  (0.1  Hz  to  20  kHz)  using  a  modified  Diamant-Pepinsky 
Bridge.  Platinum  electrode  dots  of  300  itm  and  700  nm  diameter 
were  sputter  deposited  at  ambient  on  top  of  the  PZT  films.  A 
blunt  (»50  MO>)  Be-Cu  probe  tip  was  used  for  the  electrical 
measurements. 


Crystallization  by  our  novel  RTP  technique  of  PZT  20/80 
films  deposited  directly  onto  single  crystal  (100)  MgO  substrates 
resulted  in  PZT  films  with  a  high  degree  of  pseudocubic  (100) 
orientation.  From  the  X-ray  diffraction  pattern  of  this  PZT  film, 
shown  in  Fig.  I,  there  is  no  evidence  of  the  pseudocubic  (111) 
diffraction  peak.  Further,  the  pseudocubic  (110)  peak  is 
substantially  suppressed;  the  integrated  intensity  ratio  of  the 
pseudocubic  (100)  to  the  (1 10)  peak  is  500:1.  These  results 
indicate  that  our  thermal  processing  procedure  of  a  l25°C/second 
heating  rate,  650°C  /  10  min  soak,  and  implementation  of  a 
temperature  gradient  is  adequate  to  produce  highly  oriented  PZT 
20/80  films  on  an  appropriate  substrate.  We  have  previously 
demonstrated*®  that  highly  oriented  PZT  40/60  films  could  be 
deposited  in  a  similar  manner. 

The  tetragonal  anisotropy  of  the  PZT  20/80  film,  deposited 
directly  onto  the  MgO  substrate,  is  clearly  evident  in  Fig.  1.  The 
c/a  ratio  is  1.042,  which  is  slightly  less  than  the  value  of  1.048 
expected  for  bulk  PZT  40/60  ceramics.  Further,  the  (001)  or  c- 
axis  diffraction  peak  has  twice  the  magnitude  of  the  (100)  or  a- 
axis  peak.  For  a  stress  free,  random,  polycrystalline,  tetragonal 
PZT  ceramic,  the  (100)  diffraction  peak  should  be  approximately 
twice  as  large  as  the  (001)  diffraction  peak.  We  speculate  that 
compressive  film  stress,  primarily  due  to  the  thermal  expansion 
mismatch  between  the  PZT  film  and  the  MgO  substrate,  causes 
preferential  c-axis  alignment  upon  cooling  through  the  Curie 
point.  Formation  of  90°  domains  occurs  in  response  to 
transformation  induced  strain  so  as  to  minimize  the  overall  elastic 
energy  of  the  film.  Because  of  the  origin  of  (100)  domains  in  the 
film,  it  is  not  surprising  that  the  relative  intensity  ratio  of  the 
PZT  film  (001)  to  (100)  diffraction  peaks  should  be  different  than 
that  of  randomly  oriented  material. 

An  X-ray  diffraction  trace  of  an  (001)  oriented  PZT  20/80 
film  on  a  Pt  film  -  MgO  substrate  is  shown  in  Fig.  2.  For  the 
oriented  PZT  film,  the  structure  of  the  underlying  Pt  layer  is 
topotactical  (100)  oriented,  with  an  enhanced  integrated  intensity 
ratio  of  lioo  to  Im  of  200:1.  The  crystal  structure  of  the  PZT 
film  mimics  the  underlying  Pt  film  crystal  structure  quite  well. 
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Fig.  1.  X-ray  diffraction  pattern  of  a  3400  A  thick  PZT  20/80 
film  deposit^  aircctly  on  a  (100)  MgO  single  crystal  and  rapidly 
thermal  processed  (l25*C/sec)  at  650*C  for  10  min  in  flowing 
oxygen. 

The  integrated  intensity  ratio  of  the  oriented  PZT  film 
pseudocubic  (100)  to  (III)  diffraction  peaks  is  approximately 
500:1.  Further,  the  lattice  spacing  associated  with  the  pseudocubic 
(100)  peak  is  4.098 A  which  is  closer  to  the  c  lattice  constant 
(4.I57A)  than  the  a  lattice  constant  (3.96A)  of  the  bulk 
polycrystalline  material.  Unlike  the  PZT  20/80  film  deposited 
directly  on  MgO,  no  splitting  of  the  pseudocubic  (100)  into  its 
tetragonal  (001)  and  (l(K>)  components  is  observed.  Although  peak 
broadening  due  to  crystallite  size  can  not  entirely  be  ruled  out,  we 
attribute  the  lack  of  splitting  to  the  suppression  of  90*  domain 
formation  in  this  fine  grain  film. 
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Fig.  2.  X-ray  diffraction  pattern  of  3400  A  thick  PZT  20/80  film 
deposited  on  a  highly  (100)  oriented  Pt  film  //  (100)  MgO  single 
crystal  substrate  processed  identically  to  the  film  in  Fig. I. 


PZT  film  microstructures  were  substantially  influenced  by  the 
underlying  substrate.  We  previously  reported**  that  grain  sizes  of 
PZT  40/60  films  deposited  directly  on  MgO  were  20  times  greater 
than  those  of  identically  processed  films  deposited  on  (lOO)Pt  // 
MgO.  Cross-sectional  transmission  electron  micrographs  indicated 
fo.  mation  of  no  90*  domains  in  the  fine  (0.1  /im)  film;  whereas, 
90*  domains  were  detected  in  every  grain  investigated  for  the 
coarse  grain  film.  Further,  the  rough  calculations  of  the  volume 
percent  (18%)  of  a  domains  detected  by  TEM  diffraction  contrast 
was  in  good  agreement  with  the  volume  percent  (23%)  of  c  to  a 
domains  from  the  integrated  intensity  ratio  of  the  corresponding  c 
to  a  diffraction  peaks.  For  the  fine  grain  film,  no  evidence  of 
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porosity  or  the  presence  of  surface  layers  were  detected.  The  grain 
size  of  the  PZT  20/80  filnt  deposited  on  (100)  MgO  was 
approximately  three  times  smaller  than  the  grain  size  of  the  PZT 
40/60  film  deposited  on  the  same  substrate. 

Ferroelectric  and  low  field  dielectric  properties  are  tabulated 
as  a  function  of  film  orientation  for  three  different  PZT  40/60 
films  in  Table  I.  In  addition  to  the  properties  of  the  previously 
discussed  highly  (001)  oriented  PZT  film,  we  also  fabricated  a 
randomly  oriented  PZT  40/60  film  and  a  film  that  was  not  as 
highly  (001)  oriented  by  manipulating  the  underlying  substrate 
technology.  The  randomly  oriented  film  was  deposited  on  an 
initially  amorphous  Pt  film  deposited  at  500°C  in  50:50  ArO 
sputtering  gas.  The  PZT  finn  of  intermediate  orientation  was 
fabricated  identically  to  the  highly  (001)  oriented  film,  with  the 
exception  that  the  underlying  MgO  substrate  surface  was  submicron 
polished  rather  than  epitaxial.  All  the  electrical  properties  tabulated 
in  Table  1  were  the  mean  of  measurements  of  10  different  electrode 
dots  on  each  of  the  films.  Standard  deviations  for  the 
measurements  are  indicated  by  the  values  after  the  +  signs  in  Table 
I.  The  tabulated  dielectric  constant  was  measured  at  a  frequency  of 
10  kHz  and  a  field  of  3  kV/cm  ac  rms  (0.1  volt).  Dissipation 
factors  of  0.025  and  0.030  were  measured  at  10  kHz  for  the 
oriented  and  randomly  oriented  film,  respectively. 

Most  of  the  relationships  between  dielectric  properties  and 
orientation  were  as  expected  for  the  three  films  shown  in  Table  I. 
Remanent  polarization  increased  and  dielectric  constant  decreased 
with  increase  in  c-axis  orientation,  similar  to  that  observed  in 
tetragonally  distorted  simple  perovskite  ferroelectrics  as  structure 
approaches  that  of  a  single  crystal.  Semiquantitalive  agreement 
between  the  calculated  and  measured  values  of  remanent 
polarization  a  function  of  orientation  was  obtained.  While 
orientation  appears  to  be  the  dominant  factor  for  the  ferroelectric 
property  relationships,  other  factors,  such  as,  microstructure  also 
influence  ferroelectric  properties.  While  the  coercive  fields  of  the 
oriented  and  randomly  oriented  film  were  statistically 
indistinguishable  from  one  another,  the  coercive  field  of  the  film  of 
intermediate  orientation  was  slightly  (=  10%)  less  than  that  of  the 
other  two  films.  A  large  number  of  factors  can  influence  the 
measured  coercive  field.  Among  these  factors  are  stress,  crystallite 
size  and  electrode-ceramic  interface  characteristics.  Grain  size  may 
be  the  dominant  effect  for  the  coercive  field  relationship  of  our 


Table  1.  Electrical  Property  Vs.  Orientation  Behavior 


enhanced  Integ 
Int.  Ratio 

r.  Remanent 
Polarization 
(»*C/cm2) 

Coercive 

Field 

(kV/cm) 

Dielectric 
Constant 
(10  kHz) 

300:1 

[7.0:1] 

60.9  ±  1.4 

75.7  s  0.7 

368  ±  11 

20:1 

[2.5:1] 

57.8  ±  3.2 

68.0  ±  1.1 

378  ±  17 

4.6:1 

[2.1:1] 

41.0  ±  3.4 

77.8  ±  1.8 

466  i  18 

films,  as  the  mean  value  of  the  coercive  field  montonically 
decreased  with  increasing  average  grain  size. 


An  increase  in  polarization  is  expected  with  increase  in  (001) 
film  orientation  as  the  c-axis  is  the  polar  axis  for  PZT  ceramics 
with  4mm  symmetry.  Due  to  compressive  stress,  primarily  caused 
by  the  film  -  substrate  thermal  expansion  mismatch,  c-axis  rather 
than  a-axis  orientation  is  preferred  in  the  PZT  film.  Tominaga 
and  coworkers’^  have  verified  that  PbTi03  thin  films  deposited  on 
MgO  substrates  have  a  c+  orientation.  The  decrease  in  dielectric 
constant  with  c-axis  orientation  is  expected,  based  on  the 
property-orientation  behavior  of  4mm  perovskite  single  crystals. 
Typically,  K33  is  significantly  less  than  K.^^  for  simple  perovskite 
ferroelectrics  of  4mm  crystal  symmetry.  For  example,  BaTiOs 
single  crystals  have  the  following  dielectric  constants:  K33  =  200 
and  Kn  =  4000.  The  reason'  for  the  substantial  anisotropy  in 
dielectric  constant  Is  because  the  displaced  atoms  are  tightly  bound 
by  the  ferroelectric  polarization  in  the  polarization  direction,  but 
relatively  free  to  move  in  the  direction  perpendicular  to  the 
polarization  direction. 


After  having  systematically  investigated  the  effects  of 
orientation  for  films  that  are  under  a  constant  stress,  we  now 
investigate  PZT  films  that  have  similar  orientation,  but 
substantially  different  stress  levels  The  substantial  effect  that 
stress  can  have  on  ferroelectric  properties  is  illustrated  in  Figure 
3.  Dielectric  hysteresis  loops  are  shown  for  two  identically 
processed  PZT  60/40  films  with  the  exception  that  one  film  was 
deposited  on  a  platinized  (0001 )  sapphire  substrate,  while  the  other 
film  was  deposited  on  a  platinized  Si  substrate.  Both  films  are 
highly  oriented  in  the  pseudocubic  (Hi)  crystallographic  direction 
We  have  fabricated  these  films  of  rhombohedral  symmetry  with 
essentially  the  same  degree  of  (111)  orientation  by  controlling  the 
deposition  conditions  of  the  underlying  Pt  film.  The  Pt  film 
deposited  on  sapphire  was  deposited  at  600°C  at  a  slow  rate  (2 
nm/min);  whereas,  the  Pt  film  deposited  on  silicon  was  deposited 
at  600°C  at  a  higher  deposition  rate  of  30  nm/min.  Grain  growth 
orientation  is  responsible  for  the  high  degree  of  (HI)  orientation 
of  the  Pt  film  on  Si. 
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Fig.  3.  Dielectric  hysteresis  loops  of  identically  processed  PZT 
60/40  thin  films  on  the  following  platinum  coated  substrates,  a) 
(0001)  Sapphire  and  b)  (100)  silicon. 

Although  the  two  PZT  films  have  similar  orientation,  their 
dielectric  hysteresis  characteristics  are  substantially  different. 

While  a  large  remanent  polarization  of  40  pC/cm*  is  measured  for 
the  PZT  60/40  film  deposited  on  sapphire,  a  remanent  polarization 
of  only  20  uC/cm’  is  measured  for  the  PZT  60/40  film  deposited 
on  silicon.  Further,  the  film  deposited  on  sapphire  has  a  very 
sharp,  square,  well  saturated  dielectric  hysteresis  shape,  while  the 
film  on  sapphire  has  a  slanted  hysteresis  characteristic.  We  have 
determined  similar  trends  in  stress-orientation  property 
relationships  for  PZT  40/60  films  of  tetragonal  symmetry 
deposited  on  MgO  and  Si  substrates,  respectively.  The  PZT  40/60 
film  deposited  on  MgO  exhibited  dielectric  hysteretic  behavior 
similar  to  the  PZT  60/40  film  deposited  on  sapphire,  while  the 
PZT  40/60  film  and  PZT  60/40  film  deposited  on  Si  had  relatively 
low  (=20  /iC/cm’)  remanent  polarizations  and  a  similar  type  of 
hysteresis  characteristic. 


For  the  rest  of  this  paper,  we  shall  term  the  two  different 
hysteresis  characteristics,  described  above,  as  type  c  and  type  a. 
Type  c  behavior  is  typified  by  a  dielectric  hysteresis  characteristic 
with  high  remanent  polarization  (in  this  case,40  ^C/cm’)  and  very 
square,  sharp,  well  saturated  hysteresis  loop  shape.  Conversely, 
type  a  behavior  is  typified  by  a  lower  remanent  polarization  and  a 
slanted  hysteresis  loop  shape.  We  attribute  the  difference  in 
behavior  to  crystallite  orientation.  Films  with  a  majority  of 
crystallites  preferentially  oriented  such  that  their  polar  directions 
are  perpendicular  to  the  film  plane  are  type  c;  whereas,  films  with 
a  majority  of  crystallites  oriented  such  that  the  polarization  vector 
is  parallel  to  the  film  surface  are  type  a.  We  postulate  that  the  sign 
of  the  film  stress  as  the  film  is  cooled  through  the  Curie  point 
determines  whether  the  film  exhibits  type  a  or  type  c  behavior. 
Specifically,  if  the  film  is  under  compression  at  the  Curie  point 
type  c  behavior  is  observed;  whereas,  if  the  film  is  under  tension, 
type  a  behavior  is  obtained. 
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Because  film  stress  has  been  shown  to  have  such  a  substantial 
effect  on  ferroelectric  behavior,  it  is  important  to  quantify  the 
stress  in  PZT  thin  films.  We  have  measured  stress  in  PZT  thin 
films  by  two  different  techniques:  1)  wafer  curvature  measurements 
and  2)  X-ray  diffraction.  Wafer  curvature  has  been  measured  by 
laser  reflectance  techniques  and  surface  profilometry.  Our  laser 
reflectance  technique  has  been  previously  described,*’  and  allows 
PZT  film  stress  to  be  measured  through  out  the  entire  thermal 
processing  history  The  residual  stress  at  ambient  is  confirmed  by 
surface  profilometer  measurements  of  the  substrate  curvature.  For 
our  .X-ray  diffraction  measurements  of  the  macrostrain  of  PZT  thin 
films,  a  sin’*  technique®  is  used.  Thin  film  glancing  angle  X-ray 
diffraction  coupled  with  parallel  beam  optics  allow  accurate 
measurements  of  strain  as  a  function  of  film  depth 

Figure  4  depicts  the  change  in  thermal  stress  with  processing 
for  two  essentially  identical  PZ'f  53/47  thin  films  deposited  on  two 
different  platinum  coated  substrates:  1)  silicon  and  2)  (100)  MgO 
From  these  characteristics,  it  is  obvious  that  the  coefficient  of 
thermal  expansion  (CTE)  of  the  substrate  is  one  of  the  major 
factors  that  controls  PZT  film  stress.  Further,  we  propose  that  the 
type  of  film  stress,  either  tensile  or  compressive,  which  is  present 
upon  cooling  the  film  through  the  Curie  point  controls  the  PZT 
crystallite  orientation.  Crystallite  orientation,  ir,  turn,  strongly 
influences  the  stress  vs.  temperature  characteristics  in  the  low 
temperature  ferroelectric  state  Both  of  the  films  in  Figure  4  were 
heated  at  5'C;min  and  held  at  650“C  for  30  min  as  stress  was 
monitored  by  our  laser  reflectance  technique. 


Fig.  4.  PZT  thin  film  stress  as  a  function  of  temperature  for  films 
deposited  on  two  platinum  coated  substrates:  a)  (100)  Mgv)  and  b) 
(100)  silicon. 


The  initial  stress  levels  of  the  two  PZT  films,  after  a  300”C  5 
min  drying  treatment,  are  as  expected.  The  PZT  film  deposited 
on  MgO  has  less  tensile  stress  than  the  film  deposited  on  the  lower 
CTE  silicon  substrate.  We  consider  the  as-deposited  film  to  have 
a  higher  thermal  expansion  coefficient  than  either  the  MgO  or  Si 
substrate;  and  thus,  both  films  should  be  in  tension  after  the 
drying  treatment.  Since  the  CTE  for  MgO  is  greater  than  that  of 
Si,  the  film  on  the  MgO  substrate  has  less  tensile  stress  than  the 
film  on  Si.  For  the  Si  substrate,  an  initial  decrease  in  tension 
occurs  as  the  film  is  heated,  since  the  high  thermal  expansion  film 
expands  more  than  the  Si  substrate,  PZT  film  stress  continues  to 
decrease  even  as  the  film  crystallizes  into  the  pyrochlore  phase  at 
approximately  450 °C.  During  transformation  of  the  pyrochlore 
phase  to  the  perovskile  phase  considerable  film  volume  shrinkage 
occurs  as  evidenced  by  the  increase  in  tensile  stress.  Because  the 
pyrochlore  phase  consists*^  of  two  interpenetrating  nanophases:  I) 
crystalline  pvrochlore  and  2)  an  amorphous  phase  containing  Pb, 

Zr  and  Ti.  the  volume  contraction  is  substantial. 

The  tensile  stress  increases  for  the  PZT  53/47  film  deposited 
on  Si  upon  cooling  from  the  soak  temperature.  A  relatively  high 
CTE  of  6.7  X  10  ®  for  the  high  temperature  paraelectric  phase  is 
the  cause  of  this  increased  tensile  stress.  Conversely,  the  PZT 
film  deposited  on  the  MgO  substrate  is  put  into  compression  upon 
cooling  from  the  soak  temperature.  This  behavior  is  also 
attributed  to  the  CTE  mismatch  between  film  and  substrate.  At 
the  Curie  point,  of  approximately  375°C,  the  PZT  film  on  MgO  is 
in  150  MPa  of  compression;  whereas,  the  PZT  film  deposited  on 


Si  is  in  ISO  MPa  of  tension  PZT  53.47  has  a  thermal  expansion 
coefficient  of  approximately  2.0  X  10  ®  in  the  ferroelectric  state 
The  stress  of  the  two  films  at  25“C  are  120  MPa  tensile  and  210 
MPa  compressive  for  the  Si  and  MgO  substrates,  respectively 
While  these  stress  values  measured  by  laser  reflectance  and  surface 
profilometry  agree  well  with  calculations  of  stress  from 
macrostrain  measurements  from  .X-ray  diffraction  for  the  PZT 
film  deposited  on  the  Si  substrate,  there  is  some  discrepancy 
between  the  film  stress  measurements  for  the  PZT  film  deposited 
on  MgO  However,  both  measurement  techniques  indicate  that  the 
film  IS  in  high  compression  From  X-ray  diffraction 
measurements,  a  residual  tensile  itress  of  100  MPa  was  calculated 
for  the  PZT  film  on  silicon,  while  a  residual  compressive  stress  ot 
470  MPa  was  calculated  for  the  PZT  film  on  MgO 

It  is  quite  surprising  that  the  PZ1  film  deposited  on  MgO  is 
not  under  considerably  more  compressive  stress  at  ambient  given 
that  the  CTE  for  the  ferroelectric  state  (2  0  .X  10  ®)  is 
considerably  less  than  that  of  the  high  temperature  paraelectric 
phase  We  propose  that  as  the  film  cools  through  the 
transformation  temperature  that  the  sign  of  the  stress  will 
preferentially  orient  film  crystallites  in  the  a  or  c  ciystallogiaphic 
direction.  For  simplicity,  we  will  assume  that  the  PZT  53  47  film 
is  of  tetragonal  symmetry.  For  the  film  on  the  MgO  substiate.  the 
film  is  under  compression  at  the  Curie  Point,  and  thus,  crystallites 
are  preferentially  oriented  with  the  c  direction  normal  to  film 
plane.  Thus,  crystallites  have  their  a  direction  in  the  film  plane 
If  one  considers  the  change  in  crystal  parameters*  with 
temperature  of  PbTiOj  and  the  superimposed  linear  expansion  of 
Si  and  MgO,  shown  in  Fig  5.  it  is  obvious  that  the  change  in  the 
a  lattice  constant  is  close  to  that  of  the  MgO  substrate.  Thus,  the 
change  in  film  stress  below  the  Curie  point  is  very  slight,  as 
shown  in  Fig.  4.  The  relative  change  in  lattice  parameter,  not  the 
absolute  magnitudes,  for  Si  and  MgO  are  shown  in  Fig. 5. 
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While  we  have  shown  that  stress  vs.  temperature 
characteristics  are  substantially  influenced  by  the  type  of  stress  at 
the  Curie  point,  our  premise  is  that  the  sign  of  film  stress  at  the 
Curie  point  controls  type  a  and  c  ferroelectric  behavior.  From 
this  postulation  one  can  make  both  obvious  and  not  so  obvious 
predictions.  Among  the  obvious  predictions  are  that  films 
fabricated  using  our  solution  chemistry  technique  and  fired  at 
650”C  would  exhibit  type  a  behavior  when  deposited  on  Si 
substrates,  and  type  c  behavior  when  deposited  on  MgO  substrates. 
A  less  obvious  prediction  is  that  it  is  possible  for  a  PZT  52/48 
film  to  have  type  a  behavior  while  an  identically  processed  PZT 
40/60  film  would  exhibit  type  c  behavior.  These  films  would 
have  to  be  deposited  on  a  substrate  with  appropriate  intermediate 
CTE  to  Si  and  MgO,  such  that,  the  PZT  52/48  film  is  in  tension 
and  the  PZT  40/60  film  is  in  compression  at  the  Curie  point.  What 
permits  this  behavior  is  that  the  CTE  for  the  PZT  53/47 
paraelectric  stale  is  6.7  X  10  ®  while  the  CTE  for  the  PZ"^  40  60 
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paraelectric  phase  is  signifleanlly  higher  (9  4  X  10  I  his 
example  illuslrales  the  important  Contribution  that  the  Clt  ol  the 
high  temperature  paraelectric  state  has  on  deieiinining  the  type  of 
ferroelectric  behavior  in  P/ I  thin  films 

Another  prediction,  which  one  would  not  make  from 
consideration  of  ambient  C  l  ts  alone,  is  that  despite  the  high  CTE 
ol  MgO,  it  is  possible  to  fabricate  PZ  I  20/  80  films  deposited  on 
MgO  substrates  that  exhibit  type  a  behavior  Specifically,  we 
demonstrate  in  Fig  6  that  a  P/  V  20/80  film  fired  at  506“C 
exhibits  type  a  behavior;  whereas,  an  otherwise  identically 
processed  P/ I  20  80  film  fired  at  650”C  exhibits  type  c  behavior 
X-ray  diffraction  traces  of  three  PZ T  20  80  films  deposited  on 
MgO  substrates  and  rapidly  thermal  processed  at  500“C,  550°C, 
and  650°C, respectively,  are  shown  in  Fig  6  The  film  fired  at 
500’C  has  only  a  diffraction  peak  corresponding  to  the  a  lattice 
parameter  and  there  is  no  evidence  of  a  diffraction  peak 
corresponding  to  the  c  lattice  parameter.  The  film  fired  at  550°C 
shows  X-ray  diffraction  peaks  of  approximate  equal  magnitude 
corresponding  to  both  the  a  and  c  lattice  parameters  The  film 
fired  at  650“C  has  type  c  behavior  as  the  integrated  intensity  ratio 
of  the  diffraction  peak  for  the  c  lattice  parameter  is  more  than 
twice  the  value  of  the  integrated  intensity  ratio  of  the  peak  that 
corresponds  to  the  a  parameter. 
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Fig. 6.  X-ray  diffraction  patterns  of  otherwise  identical  PZ.T 
20/80  films  deposited  on  (100)  MgO  and  annealed  at  three 
different  temperatures:  500'C,  SSO'C.  and  650°r. 


These  relationships  are  easily  explained  by  incorporating  our 
knowledge  of  the  stress  vs.  temperature  behavior  of  the  films  with 
our  postulation  that  the  sign  of  Curie  point  stress  controls  the  type 
of  ferroelectric  behavior.  We  assume  that  the  stress  versus 
temperature  characteristics  for  a  PZT  20/80  film  deposited  on 
MgO  are  qualitatively  similar  to  that  of  the  PZT  53/47  film 
deposited  on  an  MgO  substrate  shown  in  Fig.  5.  From  Fig.  5,  the 
stress  of  two  PZT  53/47  films  deposited  on  MgO  substrates  are 
approximately  equal  at  the  annealing  temperatures  of  500°C  and 
650°C,  respectively.  Because  the  film  annealed  at  500"C  is  closer 
to  the  transformation  temperature  (^450°C).  upon  cooling,  it  is 
still  in  tension  at  the  Curie  point,  thus,  forcing  type  a  behavior. 
The  dotted  line  in  Fig.  5  indicates  the  stress  of  the  PZT  film  as  a 
function  of  temperature  as  it  is  cooled  from  the  500‘’C  annealing 
lemperati're.  Conversely,  the  film  fired  at  650°C  has  a 
considerable  temperature  range  to  allow  the  CTE  mismatch 
between  film  and  substrate  to  put  the  film  into  compression  at  the 
Curie  point,  as  shown  shown  by  the  original  solid  litre  in  Fig.  5. 
This  compressive  stress  forces  the  PZT  film  crystallites  to 
preferentially  orient  towards  the  c  axis,  resulting  in  type  c 
ferroelectric  behavior 


Summary 

We  have  investigated  the  effects  that  orieniaiion  and  stress 
have  on  PZT  thin  film  properties  Our  approach  was  tu  fabiicate 
and  characterize  a  suite  of  films  that  have  similar  stress  levels 
with  systematically  varying  orientation,  and  another  suite  of  films 
that  have  similar  orientation,  but  that  have  different  levels  of 
stress.  PZT  40, '60  films  that  had  a  high  degree  of  c-axis 
orientation  had  higher  polarization  and  lower  dielectric  consianis 
than  films  oriented  with  their  a  crystallite  axes  perpendicular  to 
the  top  film  surface  This  property  behavior  was  expected  as 
tetragonally  distorted,  simple  perovskite  ferroelectric  films 
structurally  evolve  from  random  polycrystalline  ensembles  to 
single  crystals  We  postulated  that  the  Curie  point  stress  controls 
crystallite  orientation  and  the  type  of  ferroelectric  behavior 
Electrical,  structural  and  stress  versus  temperature  data  were 
presented  that  supported  this  hypothesis 
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Ab^uayi 


The  Deposition  by  Aqueous  Acetate  Solution  (DAAS) 
technique  has  been  developed  lor  the  preparation  of  57!  Fe-doped 
Pb(/.r()  s)Ti()  47){)t  (IV.T)  and  (I’bo  yyl.ao.tnKZro  65Tio  ,15)0  983O3 
(PI  ZT)  thin  lilnis  on  l't<l  I  l>/Ti/Si02''Si<l<X)>  substrates.  FZT  films. 
crystalU/ed  al  6(X)°C  lor  10  min,  display  giKid  elecuical  pcopenics  and 
fatigue  characteristics.  Iron  doping  suppressed  the  crystallization  of  the 
tilms  as  mea.sured  by  XRD  and  FTIR  spectroscopy  When  59!  of  the 
/.irconium  and  titanium  were  replaced  by  iron  in  the  stoichiometric  pre¬ 
cursor  solution,  the  lllm  crystalli/ed  predominantly  in  the  (110)  orien¬ 
tation.  When  5%  excess  iron  was  added  to  the  precursor  solution,  the 
Dim  crystallized  in  the  (IIX))  orientation.  The  electronic  slates  and 
charge  .species  responsible  for  photoconductivity  were  investigated  by 
emission/excitation  and  photocurrent  action  spc-ctroscopy  The  low 
pholoeniission  at  77K  and  high  photoconductivity  at  298K  in  the  dtiped 
thin  lilms,  as  compaied  with  thermally  iron-doped  ceramics,  are 
attributed  to  the  surface  energy  quenching  and  low  trapping  state 
density. 


IfllfOduciiilil 

Extrinsic  metal  ions  can  increa.se  photoconductivity  in 
wide-bandgap  ceramics  of  lead  zirconate  titanate  ;PZT)  and  lead  lan¬ 
thanum  zirconate  titanate  (PI.ZT).  However,  weak  phoUKonductivity 
measured  at  visible  wavelengths  in  ceramic  PI.ZT  was  attributed  to  the 
presence  of  trapping  states  and  the  lack  of  optically  absorbing  states  in 
the  band  gap.  ( 1  ]  Extension  of  the  photorespon.se  into  the  visible 
region  would  make  these  materials  ideal  for  photonic  applicatioas  using 
commonly  available  laser  sources.  The  visible  light  photoresponse  in 
F/.T/PLZT  has  been  increased  by  ion  implantation  of  inert  gases  and 
metals  [2. .71  by  thermal  diffusion  of  metal  with  (4|  and  without  j5.6) 
subsequent  ion  implantation,  and  by  sintering  a  mixture  of  metal  oxide 
and  presynthesized  perovskite  powder.  1 1]  Lead  perovskite  thin  films 
made  by  a  sol-gel  technique  were  shown  |7|  to  have  a  higher  photocon¬ 
ductivity  than  the  bulk  ceramic,  which  was  attributed  to  the  films  having 
fewer  trapping  states.  [71 

Recently,  we  have  developed  an  aqucxrus,  low- 
temperature  priK'ess  termed  Deposition  by  Aqueous  Acetate  Solution 
(DAAS)  |8J  for  synthesizing  PblZro  syTip  47)03  [IV.T  (53.47)J  thin 
lilms  on  Pt<l  1 1>/Ti/Si02/Si<l()0>  substrates.  The  prtKess  offcTS  a 
number  of  advantages  that  include:  (1)  the  formulated  precursor  solu¬ 
tions  are  stable  with  no  discernible  gelation  or  precipitation  over  several 
months;  (2)  the  precursor  solutions  can  be  formulated  to  within  better 
than  1%  of  the  de.sired  stoichiometry;  (3)  because  this  is  an  aqueous 
process,  it  is  a  non-moisture  sensitive  alternative  to  the  sol-gel  tech¬ 
nique;  (4)  water  soluble  acetate,  acetylacetonate,  or  carbonate  salts  of 
various  metal  ions  can  be  easily  added  to  the  solution  to  prepare  extrin- 
sically  doped  perovskites;  and  (5)  the  process  uses  water  as  the  solvent, 
which  is  considered  "environmentally  friendly."  The  low  processing 
temperature  together  with  the  ability  to  control  the  stoichiometry  and 
dopant  level  accurately  makes  the  DAA.S  process  ideally  suited  for 
synthesizing  doped  PZT  and  PI.ZT  thin  films  for  a  wide  range  of 
applications. 


In  tfiis  paper,  the  crystalliniiy/orienlation  and  electrical 
pfoperticVlatigue  chafacieri.stic.s  of  PZT  thin  films  on 
Pl<l  1  l>/Ti/Si02/Si<l(X)>  substrates  are  described  Two  ways  of 
preparing  doped  PZT  and  PI  ZT  thin  films  are  adopted:  in  one,  59!  ol 
the  of  r  mium  and  titanium  in  the  precursor  solution  was  replaced  by 
iron.  ano.  01  the  other,  ,59!  excess  iron  was  added  to  the  stoichiometric 
precursor  solution  The  effects  of  iron  on  the  crystallinity  and  onenta- 
tion  of  both  films  were  determined  by  X-ray  diffraction  and  FTIR  spec¬ 
troscopy  The  defect  states  and  active-ion  sites  responsible  for  photo¬ 
conductivity  of  doped  films  were  invc-stiBaied  by  emission/excitation 
and  phoiocurrenl  action  spectroscopy  The  results  were  compared  to 
those  of  thermally  iron-doped  bulk  ceramic 

Fixperimenial 

The  DAAS  technique  and  its  formulation  and  synthesis 
of  Piy.T  (7/65/35)  bulk  powders  |9j  and  IVT  (53.47)  perovskite  films 
(8|  on  Pt<l  1  l>/Ti/,SiO2/Si<i00>  substrates  have  been  described  else¬ 
where  The  same  precursors  and  procedure  were  used  to  prepare  the 
iron-doped  FZT  and  PI.ZT  Pb(Zj'0,53Ti()  47)O3+5(X  Fe  and  (I*ho  93 
l-a0  07)  (^•ro,65Tio, 35)0 98303+59!  Fe  are  referred  to  as  59!  excess  iron 
formulations,  and  Pb((Zro  53Tio.47)095Eeoo5l03  and 
(Pb0.93l-ao,07)i7r().65Tio.35)0  933  f'''!  005)0.3  are  referred  to  as  the  59! 
Fe  stoichiometric  formulations.  Iron  (III)  acetylacetonate  was  adc  f 
into  the  coating  solution  to  supply  the  iron  dopant  for  the  DAAS- 
deposited  films.  The  films  were  dried  at  IIXI'C  for  10  min  and  consoli¬ 
dated  at  400°C  for  10  min  before  subsequent  layers  were  added.  Afla 
the  desired  thickness  was  attained,  the  films  were  annealed  at  6.5()°C  for 
10  min. 

Fourier  transform  infrared  (FTIR)  spectroscopy  f8).  X- 
ray  diffraction  (XRD)  |8).  and  emission/excitation  spc"ctroscopy  |5] 
used  in  this  work  have  been  reported  previously.  In  phottKurrent  action 
spectroscopy,  the  photiKurrent  was  measured  as  a  function  of  the  irra¬ 
diated  light  wavelength  and  intensity,  and  the  applied  voltage  and  polar¬ 
ity.  Two  small  platinum  or  copper  electrodes  (about  2  mm  x  2  mm  with 
a  0.25-mm  gap)  were  deposited  on  the  sample  surface  (film  or  plate) 
for  photoconductivity  measurements.  A  I/4-meter  monochromator  was 
placed  in  from  of  a  45()-W  enhanced  UV  xenon  lamp  source  (Oriel. 
66203)  and  was  used  to  scan  the  excitation  wavelengths  via  a  stepper 
motor  controller  (Oriel,  2(X)2.5).  Light  of  selected  wavelengths  was 
focussed  onto  the  gap  between  the  electrodes.  Current  was  measured 
using  a  Keithley  model  617  electrometer,  which  also  supplied  the 
applied  voltage.  The  data  were  acquired  and  stored  on  an  HP  7090A 
plotter  with  the  aid  of  an  NEC  PowerMate  286  Plus  computer. 


Results  and  Di.scu.ssion 
Crystallinitv  and  Fatigue  of  PZT  (53.47)  Films 

The  lop  panel  of  Fig.  1  shows  the  XRD  spectrum  of  a 
PZT(53,47)  film  prepared  by  the  DAA.S  technique  on  a 
Pl<ll  l>/Ti/Si02/Si<l(X)>  .substrate  and  annealed  at  65()'’C  for  10  min 
Spectral  peaks  at  20  =  22.11°  {!()/)),  31.28°  |!1()|,  38.62°  (111), 
44,92°  (200).  and  50.51°  (210)  are  perovskites.  whereas  the  peak  at 
20  =  33.16°  is  a  broad  band  and  is  assigned  to  a  pyrrxthlore  phase 
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probaMy  related  to  (9]  The  film  is  highly  crystaiilnc  as  rep¬ 

resented  by  a  small  FWHM  ifult  width  at  halt  maximum;.  The  prel'^- 
eniial  film  orienlaiions  are  F/T(  J 10}  a'^d  F/T{  111} 

For  measuring  the  electrical  propenies.  gold  electrodes 
(0,63  mm  in  diameter)  were  deptisiied  on  a  PZT  (53.47)  film  (about 
0.4  jxm  thick)  by  evaporation  through  a  shadow  mask  and  were 
annealed  at  S.^O^C  for  15  min  in  air.  Contact  was  made  to  the  lower 
platinum  electrode  and  to  the  dept>sited  gold  contacts  using  a  gi>ld 
whisker  mounted  on  mechanical  probes.  The  P  K  hysteresis  loops  were 
obtained  using  an  RTObA  (Radiant  Technologies.  Albuquerque.  NM) 
curve  tracer,  The  dc  resistance  and  coercive  field  of  the  film  is  aboui 
I  X  10^  ohm-cm  and  2  x  10^  V/cm.  respectively  The  relative  dielecUu 
con-sfant  i.s  about  UXX).  and  the  dissipation  factor  is  0.(il4.  based  on 
measurements  using  an  HP  model  4276A  l.CV.  meter  operated  at  I  kHy. 
The  bottom  trace  of  Fig.  1  shows  the  fatigue  behavior  of  P/T  t.53.47i 
film  cycled  with  a  12-V  sine  wave.  At  cycles,  no  fatigue  was 
observed,  and  only  a  slight  amtiunt  of  fatigue,  about  109t,  was  notice¬ 
able  at  U)*  ^  cycles.  These  excellent  fatigue  results  are  due,  in  part,  to 
the  accurate  control  of  stoichiometry  and  the  high  degree  “f  crys¬ 
tallinity  obtainable  through  the  use  of  the  DAA.S  process. 


(TVsiaJlite  Orientations  of  DopedlVT  iinU  PL/.T  Filmit 

The  eflect  ol  irem  doping  on  the  crvstalli/aliim  ol  P/1 
and  PI./T  films  .should  depend  on  how  iron  incorp.>raics  into  the  lat¬ 
tice,  Iron  was  introduced  into  PZT  and  PI  Z.T  filni-s  as  a  substitutional 
dopanl  for  /ircoruum  and  lilaniuni.  i.e..  Pb|(Zro  s^Tio  47)0 ‘>sFeo  oslll3 
(film  1)  and  (Pbo  ‘j:i  l.a(i  ()7)l(Zro  fj«;Ti()A5)l)'>3lFco».sl()l  (film  2i  .  and 
as  an  additive  to  the  stoichiometric  DAAS  si)luiion.s.  I  e..  l^t/fo 
Tio  47)^3  +5‘>  Fe  (film  3)  and  (Pb(j  tj^Lao  Tio.^.sio  ux.3 

()3-i-5^  Fe  (film  4).  Figure  2  shows  the  XRI)  spectra  of  film  I  (top)  and 
film  3  (bottom)  on  lh<l  n>/Ti/SiO2/Si<U)0>  substrates.  Film  I  displays 
a  more  conventional  randtmily  orientated  perovskite  IVT  similar  i»i  that 
shown  in  Figure  I  having  a  dominant  ( I  Id)  peak  In  (he  5*;?  iron 
sli>ichiomeiric  formulation,  the  iron  was  incorporaied  into  the  P/T 
lattice  and  did  not  affect  the  normal  nucleaiion  and  crysialli/aiion  0}  the 
films.  On  the  other  hand,  film  ,3  shows  ihui  the  excess  iron  resulted 
in  cry.slalli/alion  preferentially  with  ( ld<)>  and  t2d())  orientations 


Figure  1.  X-ray  diflraction  spectrum  (top)  and  fatigue  ibollom)  of  P/T 
(53.47)  film  on  l>t<llM)>yTi/,Si02/.Si<ll)d>  substrate  annealed  at  bStrC 
for  Id  min. 


The  inlensity  raiio  id  XKii  peaks  uia  (he  same  iotefikiiy 
scale)  are  I  (lU.)).l  ilKfi  =  114  ,346.  353  33  |  272  b"?.  and  66  18  for 
film  I.  film  2.  film  3.  ajuJ  film  4.  lespecuvely  The  pyriKhiore  broad 
bands  ai  26  =  IV.ytP.  2s».ys'-,  dod  33  73-  appear  in  all  Knir  films,  with 
the  iniensiiy  in  descending  t^rdcr  oi  film  4  >  film  2  >  tilm  3  >  film  1. 
The  pyrochkne  pha.se  is  also  eviiieiiccd  as  a  bo'aJ-base  [SI  FTIK  spec- 
Udl  band  at  676  cur^  The  addiiu*u  i»l  5‘<  excess  non  to  live  sioichio 
metric  PI./T  (filni  4i  supfxessed  the  crystalli-'aiion  ol  the  perovskiie 
film.  PiyT  has  been  shi)wn  in  many  siudies  to  have  a  higher  crysial- 
li/ation  temperature  than  P/T.  and  more  diliicultv  in  cfvsialli/aintn 
Subsiituikmal  iron-doping  oi  Pl,/T  illliii  -i  resulted  in  crysiaJluaiion 
with  both  ( 1  Idi  and  (  Kxti  onen(afii>/i.v.  1  e  .  a  higher  ihan  nornul  i  Juii 
i>rieniation. 


Til  studv  the  cication  »’l  iluiineallv  active  di'[Vil  ii'Sis 
and  the  generaium  i*l  phiiiocomiuctiv iiy  m  iron-d''(vd  PI  /I  ihui  cduiv 
|i*r  the  ei)niparisi>n  li»  ihi'se  in  ifon-dopt'd  PI  /T  i7/h5/ 1  ceramu  ilk 
enossion/exciiaiiim  and  plu>i»*cuneni  avih'n  sptvira  ol  ibcfinally  itil 
tuscd  iron-di'ped  samples  were  recnidiXl  A  !(M)  A  thick  film  »•!  iii  ii 
on  iPbo«»3l  aooTii/ronsTm  isiooxiih  ceramic  walei  1"  2*^  to  n  3,) 
mm  fhick.  Honeywelli  was  prepared  b.  vacuum  m  an  elec 

tr»>n  beam  evaporali>r.  1710  ifi>ii  was  dillused  into  the  ceramic  in  a  lui 
nace  under  O2  af/iiospfiere  loi  s  li  al  xixi-f 

Figure  3(di  shows  the  2"K  emivsion  vfvetrum  i'l  iron- 
iliipc'd  ceranuc  with  hri*ad  band  spc’ciral  peaks  ai  approxunaielv  4b). 
52d.  540.  and  57ti  nm  The  first  three  bands  ate  the  itiitinsic  cmissinn 
spccifum  ol  the  undi>pi.‘d  PI  /1  sample  wlieteas  the  lourih  hand  ai 
nm  is  the  charaeieiistic  emission  maximum  ol  Fe^*  do|Vil  I’l  /I 
ceramics  I5|  The  baiul  gap  eneigv  id  unJopeJ  /*!  /T  ceiaimc  is 
*  3  35  cV  tor  37(i  nmi  |  Itij 

The  intrinsic  eniissitm  I'l  the  undopci)  perovskite  PI  /  I 
samples  comes  mainly  Irom  the  transitions  hciween  the  valence  band 
and  the  conduction  hand.  Hie  valence  and  conduciit>n  haiuls  have  bc’cn 
calculatc'd  for  similar  lerroelectric  crystal «.  i  e  .  baiium  iiianaie  ami 
strontium  iiianale  1 1 1.I21  Hie  fesulis  imlicaie  ihai  iIk’  conduction  hand 
consists  primarily  of  empty  17^  iiiamum  hands  while  the  valence  hand 
Ciinsist*  i»t  tilled  oxygen  .!p  states  Ttie  77K  exciiaiion  spectrum  I'f  an 
ron-doped  PI./T  sample  immiiored  at  the  ^'’n-imi  emissiun  peak  is 

xlO^ 
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Figure  2.  X-ray  diffraction  speefra  ol  Pb((/ro  s  ?Ti(i  4710  usFeo  os  K  >  t 
(top)  and  l*b(/ro  s3Tio  47)0^  +  Foibi'iiomion 
PkII  l>/Ti/.Sj()2/Si<lfKh>  annealeil  at  650  (  lor  10  tmn 


illustrated  in  Fig.  3(b).  The  excitation  spectrum  consists  of  a  strong 
broad  band  maximum  at  341  nm  (referred  to  as  band  system  i)  and  a 
reiatively  strong  multiple  structure  extended  from  400  to  500  nm 
(referred  to  as  band  system  II)  with  a  peak  maximum  at  465  nm.  The 
band  edge  of  the  low-energy  side  of  band  system  1  corresponds  well 
with  the  band  gap  energy  of  370  nm.  Band  system  II  originates  from 
optically  ab.sorbing  stales  at  visible  light  wavelengths  generated  by  the 
thermally  diffused  Fe^'*’  in  Pl.ZT  ceramics. 

Figure  3(c)  shows  (he  photocurrent  action  spectrum  of 
iron-doped  Pl.ZT  ceramic.  The  photocurrenl  was  measured  as  a  func¬ 
tion  of  the  irradiated  light  wavelength  (200  to  6(X)  nm).  intensity, 
applied  voltage  (102  V/0.2.5  mm),  and  polarity  (+).  Four  photocurrenl 
action  peaks  are  observed:  1.0  nA  at  .3(K)  nm,  1.7  nA  at  370  nm,  1.2  nA 
at  420  nm.  and  1.0  nA  at  465  nm.  These  peaks  are  correlated  well  with 
those  of  the  excitation  spectrum  in  Fig.  3(h).  indicating  that  the  photon 
absorbing  states  that  lead  to  the  photiK-niission  spectrum  shown  in  Fig. 
3(a)  are  also  responsible  lor  the  prtxluclion  of  photoconductivity  dis¬ 
played  in  Fig.  3(c).  As  expected,  the  creation  of  chemically  active  iron 
ions  upon  doping  can  generate  photocarriers  and  enhance  photocon¬ 
ductivity.  It  was  shown  16|  that  the  photoexcited  electrons  in  iron- 
doped  PLZ.T  ceramic  have  a  gtnid  mobility  with  relatively  few  deep 
traps.  The  studies  of  low-temperature  photocurrent  action  spectrum  and 
its  ri.se/decay  characteristics  have  contirmed  (he  (rapping  dynamics. 

Figure  3(d)  show.s  the  77K  emission  .spectrum  of 
(Pbo.g3l.ao.()7)(Zro.6sTio  3s)0.98.3O3  +  Fe  thin  film  on  a 
Pt<l  1 1>/Ti/Si02/Si<l()0>  .substrate.  The  (Pbo.gyLao 07) 
l(Zro.6STio.35)o.933f'>.‘o,o5l03  thin  film  gives  a  similar  emission  spec¬ 
trum.  Both  iron-doped  films  made  by  the  UAAS  technique  display  very 
weak  emission  compared  to  the  thermally  doped  Pl.ZT  ceramic  in  Fig. 
3(a),  suggesting  that  fewer  trapping  stales  have  been  created  or  the  exci¬ 
tation  has  been  quenched  non-radiatively  by  the  substrate  surface.  The 
emission  extends  from  380  nm  to  560  nm  with  a  band  maximum  at  450 
nm.  When  this  emi.ssion  maximum  at  450  nm  is  monitored,  the  excita¬ 
tion  spectrum  shows  that  a  single  band  extends  from  270  nm  to  380  nm 
with  a  peak  maximum  at  341  nm,  which  is  the  band  gap  hansition. 

Land  [7]  has  shown  that  PLZT  thin  films  made  by  a  sol-gcl  technique 
have  a  higher  photoconductivity  than  the  bulk  ceramic,  which  he 
attributed  to  the  films  having  fewer  trapping  states.  This  result  is  in 
agreement  with  that  of  emission/excitalion  studies  of  iron-doped  PLZT 
thin  films  made  by  the  DAA.S  technique.  Weak  emission  from  our  Fe- 
doped  IV-T  films  suggests  that  iron  ions  are  strongly  bonded  in  the  pter- 
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Figure  3.  77K  emission  (a)  and  excitation  (b).  and  298K  photocurrenl 
action  (c)  spectra  of  iron-doped  PLZT  (7/65/35)  ceramics,  (d)  77K 
emission  spectrum  of  (Pbo.y2l-a().()7)(Zro.65Tio.35)o.q8303-r5‘5F  Fe  thin 
film  on  Pt<l  1 1>/Ti/Si()2/Si<l(k)>  substrate. 


uvskite  lattice.  The  energy  states  of  iron  subsiilutionally  doped  in  PZT 
lie  outside  the  bandgap  and  will  have  insignificant  effects  on  enhancing 
the  extrinsic  photoconductivity  of  the  ckrped  materials.  In  the  thermally 
doped  ceramic  PLZT  samples,  diffusion  occurs  mainly  at  the  grain 
boundary.  The  dopant  tends  to  modify  the  surface  of  the  grain  and 
create  new  energy  states  near  the  band  edge  that  are  responsible  for  the 
enhanced  photoconductivity.  Fe-doped  films  are  currently  being  pre¬ 
pared  for  the  measurement  of  pholocuneiil  action  epectra  and  electrical 
properties  to  examine  this  hypothesis. 

Conclusion 

The  UAAS  technique  has  bevn  shown  to  produce  highly 
cry.slalline  and  preferentially  oriented  thin  films  of  undoped  and  iron- 
doped  PZT  and  PLZT  perovskiles  on  Pk  1 1 1>/Ti/Si02/Si<  1(X)>  sub¬ 
strates  at  relatively  low  temperatures  of  550  to  650°C  The  5'X  iron 
stoichiometric  formulation  prtKluces  films  that  cry.stalli/ed  with  a  (110) 
orientation  whereas  those  made  of  5')!  iron  excess  formulation  display  a 
( 1(K))  orientation.  A  precise  stoichiometric  PZT  precursor  solution 
formulated  by  the  HAAS  technique  has  produced  a  perrrvskile  film  of 
excellent  fatigue  behavior.  The  emissitm/excitation  and  photiKurrent 
action  studies  illustrated  that  the  photon  absorbing  states  in  the  iron- 
doped  ceramics  are  responsible  lor  the  production  of  photoconductiv¬ 
ity.  The  iron-doped  perovskite  films  show  weak  pholoemission.  consis¬ 
tent  with  energy  quenching  by  the  substrate  surlace.  and  exhibit  high 
intrinsic  phoKKurrenl  indicative  of  fewer  trapping  slates  in  the  films. 
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THE  STUDY  OF  PZT  FERROELECTRIC  THIN  FILM 
AND  COMPOSITE  WITH  AMORPHOUS  SILICON 
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Shanghai  Institute  of  Ceramics,  Chinese  Academy  of  Sciences 
1295  Ding  Xi  Road 
Shanghai  200050,  China 


This  paper  introduced  some  work  done  in  our  lab 
recently.  The  first  part  we  study  the  remanent  polarization  and 
coercive  field  of  PZT  ceramics  in  variation  with  the  thickness  of 
specimen.  Second,  study  the  properties  of  PZT  thin  film  which 
be  prepared  by  RF  sputtering.  Last,  we  design  a  new  optical 
devices  with  composite  amorphous  silicon  and  PZT  ceramics. 

Introduction 


There  are  a  lot  of  papers  have  been  published  in  study 
of  the  ferroelectric  thin  film  to  he  used  for  DRAM  or  FRAM 
(Ferroelectric  Rtindom  Access  Memory)  devices' '^In  this  paper 
our  first  aim  is  to  study  the  remanent  polarization  and  coercive 
field  of  ceramics  in  variation  with  the  thickness  of  specimen. 
Because  those  properties  are  also  seriously  varied  by  the 
different  processing  methods  for  bulk,  thick  film  and  thin  film 
materials  in  the  thickness  range  from  1  mm  down  to  100  nm,  so 
ttnly  part  of  result  has  been  obtained.  Our  second  aims  is  to 
design  a  new  optica!  device  with  rompo.^iie  amorphous  silicon 
and  PZT  thin  films.  The  applied  voltage  drop  is  transferred 
from  amorphous  silicon  to  ferroelectric  ceramics  by  optical 
c.xposure.  This  idea  has  been  demonstrated  by  experiment  in  a 
wide  rar.ge  of  thickness  match.  More  data  will  be  published  in 
the  next  paper. 

Materials  and  Specimen  Preparation 


PZT  bulk  materials  were  prepared  by  commercial 
processing  method  and  fine  milling.  The  limit  thickness  down  to 
0.04  mm  can  be  obtained.  PZT  thin  film  in  the  thickness  range 
less  than  1  um  were  prepared  by  RF  sputtering  Method.  The 
substrate  can  be  heated  within  the  temperature  650*c  during 
deposition  and  most  of  the  specimen  were  annealed  after 
deposition.  The  amorphous  silicon  thin  film  which  was  deposited 
on  the  PZT  ceramics  was  prepared  by  radio  frequency  glow 
discharge  method  in  the  thickness  range  usually  less  than  1  um. 
Tbc  thickne.ss  of  a-Si  thin  film  are  considered  to  be  matched 
with  PZT  both  in  resistance  and  electric  strength.  In  order  to 
get  the  good  ohm  contact,  the  aluminum  electrode  were  pre¬ 
vaporized  on  the  PZT  ceramics.  Fig.  1  shows  the  structure  of 
experimental  specimen. 


_n_ 


Fig.  1:  The  Scheme  of  Composite  PZT  and 
a-Si  Thin  Film. 
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Fig.  2;  The  Ferroelectric  Hysteresis  Loop  of 
Ceramics  with  Different  Tliickness. 
d:  Thickness. 

(a)  d  =  0.1  mm,  Pr  =  24.4uc/cm’, 

Ec  =  9,^7.5v/mm 

(b)  d  =  ().08mm,  Pr=  10.6uc/cm", 
nc=  100(K'/mm 

(c)  d  =  0.()t)mm,  Pr  =  8.5uc/cm^, 
nc=  l()41.7v/mm 

(d)  d  =  ().()4mm,  Pr  =  f),  luc/cm\ 

Ec=  1250v/mm 
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Fig.  2  shows  the  50  hz  hysteresis  loops  of  PZT  specimen 
in  the  thickness  range  from  1  mm  to  0.04  nun.  It  can  be  seen 
that  the  remnant  polarization  decrease  and  the  coercive  field 
increase.  Because  the  quality  of  specimen  and  electrode  contact 
is  not  very  good,  these  data  is  not  very  exact. 

Fig.  3  shows  the  differential  interference  optical 
microscopic  photos  (x400)  in  response  of  different  annealing 
conditions.  Fig.4  shows  the  x-ray  diffraction  spectra.  It  can  be 
seen  that  the  perovskite  phase  increases  with  the  increase  of 
temperature  and  time. 


Fig.  3:  The  Differential  interference  Optical 
Micrographs  (x400)  of  PZT  film. 
Annealed  at  700  c  for  (a)  2hr.  (b)  Ihr. 

The  resistivity  of  a-Si  thin  film  are  usually  in  the  range 
of  lO’iicm  in  dark  field  and  can  be  raised  to  lO’lacm  by  doping 
B.  After  optical  exposure,  it  will  drop  more  than  three  orders. 
The  PZT  ceramics  can  be  modified  by  doping  UjOg  to  obtain 
the  resistivity  even  down  to  10^/icm  .  When  a-Si  thin  film 
composite  with  thicker  PZT  ceramics  which  have  been  doped 
UjOg,  the  voltage  drop  can  still  be  transferred  from  a-Si  thin 
film  to  PZT  ceramics  by  optical  exposure.  Table  1  shows  the 
results  and  Fig.  5  shows  the  specimen  structure.  Fig.  6  is  the 
SEM  picture  of  the  interface  between  PZT  ceramics  and  a-Si 
thin  film.  It  can  be  seen  that  the  interface  is  quite  smooth,  no 
pin  hole  or  obvious  zig-zag. 


Fig.  5;  The  Specimen  Structure  of  the  Optica! 
Devices  Which  is  Composite  PZT  and 
a-Si  Thin  Film. 
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Fig.  4:  XRD  spectra  of  the  PZT  film  annealed  at 
(a)  700  c  for  2hr.,  (b)  700  c  for  1  hr., 

(c)  700 ‘c  for  30  min.,  (d)  650 'c  for  2  hr., 
(e)  650 'c  for  1  hr.,  (0  650'c  for  20  min., 
(g)  PZT  ceramics  as  target. 


Fig.  6:  Tne  SbM  Picture  of  the  Interface  of  PZT 
and  a-Si. 
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Table  1:  The  Variation  of  applied  voltage  drops  with  the  light. 


Dark 

Light 

V(v) 

Vsi(v) 

Vp(v) 

Vsi(v) 

Vp(v) 

2.0 

1.3 

0.7 

0.03 

1.97 

4.0 

2.6 

1.4 

0.06 

3.94 

6.0 

4.0 

2.0 

0.10 

5.90 

In  condition  of  the  high  quality  PZT  thin  film  instead  of 
PZT  ceramics,  tnis  kind  of  match  will  be  very  easy  to  obtain  and 
a  lot  of  devices  can  be  designed.  This  kind  of  devices  show 
following  advantages; 

1)  Fast  response  (switch  time  lO’s). 

2)  High  density. 

3)  Easily  matched  with  integrated  circuit. 

4)  No  need  P-N  junction. 

5)  Cheap  price. 

The  further  work  is  being  done  in  our  lab,  and  more  data 
will  be  published  in  the  next  paper. 
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Abstract 

Barium  strontium  titanate  is  the  material 
of  choice  for  advanced  DRAM  cells  with  simple 
structures.  The  linearity  of  the  dielectric 
properties  of  this  system  of  solid  solutions  is 
controlled  by  the  composition  and  micro¬ 
structure.  Recent  results  show  that  the 
leakage  current  is  also  very  dependent  on  the 
acceptor-to-donor  ratio  at  the  grain 
boundaries,  inducing  Schottky  harrier  effects. 
This  problem  does  not  void  the  application  of 
BST  to  ULSI  DRAMs,  but  it  must  be  controllable 
in  order  to  achieve  repeatability.  This  paper 
shows  a  model  and  pertinent  data  for 
integrated  BST  capacitors  used  in  16/64  Mb 
DRAM  cells.  The  results  confirm  in  detail  the 
earlier  conclusion  of  R.  Waser  and  M.  Klee 
[Ferroelectrics,  in  press,  Aug.  1992)  that 
conduction  in  ceramic  SrTi03  is  Schottky- 
dominated  and  that  the  Schottky  harriers 
arise  from  depletion  regions  at  grain 
boundaries  and  not  only  at  the  ferroelectric/ 
electrode  interface. 

Introduction 

The  present  trend  toward  replacement  of 
Si02  and  Ta205  capacitors  in  DRAMs  (dynamii 
random  access  memories)  with  very  high 
dielectric  films  has  emphasized  strontium 
titanate  (SrTi03)  and  (BST)  barium  strontium 
titanate  (BaxSri.xTi03).  A  planarized  (i.e., 
without  trenching)  64  Mh  cell  design  with  sol- 
gel  BST  is  being  presented  this  autumn, ^  and 
work  with  sputtered  BST  has  gone  on  at  NEC 
for  several  years. 2  Although  some  authors 

believe-^  that  lead  zirconate-titanate  (PZT)  is 
suitable  for  ULSI  (ultra  large  scale  integrate-L 
DRAMs,  that  is  not  our  opinion.  In  PZT  the 


dielectric  constant  is  ca.  1300  at  1  MHz  but 
rolls  off  to  ca.  40  at  about  I  GHz;  similarly,  its 
loss  tangent  diverges  to  ca.  0.1  at  such 
frequencies.  Thus,  at  the  high  clock  rates 
envisioned  for  ULSI  DRAMs  (>  100  MHz).  PZT  is 
completely  unsuitable.  By  comparison.  BST 
retains  its  dielectric  constant  of  e  =  400  -  800 
up  to  2  -  3  GHz,  and  a  loss  tangent  of  0.001  to 
0.02  at  such  frequencies.** 

In  (he  present  paper  we  examine  the 
current-voltage  and  capacitance-voltage 
characteristics  of  fine-grained,  ceramic  BST 
thin  films  for  (./LSI  DRAM  applications. 

E.voeriment 
I(V)  Current-Voltage  Data: 

The  sample  geometry  is  illustrated  in  Fig.  1. 
Typical  specimen  dimensions  are:  Specimen 

#20.  70%  Ba.  143  nm  thickness,  e'  =  504.  Tan 

5  =  0.015.  Specimen  #25.  80%  Ba.  142  nm 

thickness,  e'  =  436.  Tan  6  =  0.017.  The 
capacitor  areas  were  both  6940  pm2. 
Measurements  were  at  50  mV  at  1  MHz. 

In  Figs.  2  and  3  we  replot  these  data 
rsus  different  powers  of  applied  voltage 

<vi..,  vi^2  jind  V'l).  These  plots  will  show 
tliai  the  behavior  is  that  of  Schottky  tunneling 
(or  Frenkel-Poole;  the  two  mechanisms  differ 
only  by  a  factor  of  two  in  slope  in  such  graphs, 
and  we  will  discuss  (he  evidence  that  this  is 
truly  Schottky  and  not  Frenkel-Poole  in  a 
separate  paper]  up  to  ca.  6.5V  and  that  of 
Fowler-Nordheim  tunneling  (field  emission) 
above  ca.  6.5V.  Fig.  2  shows  the  1(V) 
characteristics  of  sample  #20  from  20  to  200*’r 
till-  results  for  sample  #25  arc  extremely 
"I.  lar.  The  dashed  curves  are  the  theoretical 
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Figure  1.  Device  structure:  BST  ceramic  film, 
140-210  nm  thick,  sandwiched  between  200  nm 
Pt  electrodes,  with  20  nm  Ti  adhesion  layer. 


Figure  2.  Semilogarithmic  plot  of  current 
density  versus  applied  voltage  for  70%  Ba  BST 
sample,  143  nm  thick,  at  temperatures  of  20, 
80,  120,  160,  and  200»C.  Note  that  the  2.5V 
liLSI  operating  voltage  at  room  temperature 
the  leakage  current  is  20  nA/cm^. 

form  for  Schottky  conduction: 

log  (J/t2)  =  const,  x  (1.) 

And  in  Fig.3,  with  Fowler-Nordheim  tunneling; 

log  (J/v2)  =  const.  X  V-1.  (2-) 

These  graphs  show  that  over  the  full 
temperature  range  studied  (20  -  200**0  the 
conduction  mechanism  is  Shottky  at  voltages 
less  than  6.5V,  but  that  Fowler-Nordheim 
tunneling  Is  dominant  from  6.0  -  12.0V. 


6.2  V 


Figure  3a.  Semilogarithmic  plot  of  current 
density  versus  the  square  root  of  applied 
voltage  for  80%  Ba  BST  sample,  142  nm  thick, 
at  temperatures  of  20,  80,  120,  160,  and 
200«C.  The  straight  lines  are  the  predictions 
for  Schottky  conduction,  found  to  be  valid 
below  6.5  V  (455  kV/cm). 


Figure  3b.  Semilogarithmic  plot  of  the  data  in 
Fig.3a  versus  1/V;  the  straight  lines  show 
agreement  with  Fowler-Nordheim  tunneling 
(Field  emission)  above  6.5V  (455  kV/cm). 

Strictly  speaking,  field  emission  is  quite 
independent  of  temperature,  whereas  our  data 
in  Fig,3  are  slightly  dependent  upon  T  even  at 
the  highest  fields  employed  (12V/200  nm  = 

600  kVfcm).  This  indicates  that  the  mechanism 
is  not  strictly  Fowler-Nordheim  (field  emission) 
hut  perhaps  a  mixed  phenomenon. 

Since  Schottky  conduction  appears 
dominant  at  the  intended  operating  voltage  of 
this  device,  on  the  basis  of  the  voltage 
dependence  shown  in  the  figures  above,  we 
complete  the  demonstration  of  Shottky 
conduction  by  showing  In  Fig.  4  below  the 
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temperaJure  dependence: 

lot*  (J/T2)  =  const.  X  T  *. 

TEMPERATURE  (‘’C) 


200  120  80  20 


(1000/K) 


Fitiurc  4.  Temperature  dependence  of  leakage 
current  density  J  in  ceramic  BST  samples  #20 
and  #25.  is  plotted  versus  IIT. 

The  straight  lines  confirm  Schottky-dominated 
currents  at  voltages  up  to  6V  (400  kV/cm). 

CCV)  Capacitance-Voltage  Data: 

Fig.  5  shoos  the  capacitance-voltage  data 
on  one  ofthese  two  samples.  If  we  assume  that 
BST  near  the  electrodes  is  an  n-type  semi¬ 
conductor,  due  to  oxygen  vacancies,  then  the 
capacitance  of  the  depletion  region,  under 
reverse  bias  voltage  Vb,  is  given  hy:5.6 

Cd  =  A  {qEND/(2AV)}t'2,  (4.) 

from  which  one  can  obtain 

log  (1/C)  =  const.  X  V.  (5.) 

Here  C  is  capacitance;  d,  a  depletion  thickness 
which  can  be  either  film  thickness  in  our  case 
or  an  inter-grain  parameter;  q,  electron  charge; 


e,  dielectric  constant;  A,  capacitor  surface  area; 
AV  =  Vb-V;  and  Nd»  donor  concentration. 

This  dependence  is  confirmed  in  Fig.  6, 
where  we  use  d  =  constant  =  film  thickness  for 
numerical  values  (but  since  d  is  nut  a  variable 
in  these  data,  only  the  relation  I/C  *  exp  V  is 
being  tested). 

These  data,  plus  the  observation  that  neither 
conductivity  nor  dielectric  constant  of  our  BST 
films  exhibit  a  strong  dependence  upon  film 
tiiLkness,  support  a  model  that  the  nonlinear 
C(V)  characteristics  are  due  to  strung  depletion 
that  cannot  originate  from  the  BST/electrode 
interface,  but  must  come  internally  from  the  BST 
ceramic  itself.^  This  confirms  the  conclusions  of 
Waser  and  Klee.* 


Figure  5,  Capacitance-voltage  C(V)  data  for 
ceramic  BST  samples  #20  and  #25,  Dielectric 
constant  is  plotted  versus  field  from  -0.5 
MV/cm  to  +0.5  MV/cm  (ca.  -KV  to  +HV).  The 
small-signal  dielectric  constant  k  Is  ca.  700. 

At  the  intended  operating  voltage  of  2.5V.  it  is 
about  5.^0. 
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bslract 

New  ferroelectric  ceramics  Bai-xMx(Li2xAl2-2x) 
<4-4xF4x  xe(0,0.07]  for  M = Pb  and  x€[0,0. 1  ]  for  M = Sr 

ave  been  studied.  The  behavior  of  Tq  with  composition 
as  been  determined.  For  Pb  Tc  decreases  first  from  396 
)  233K  when  x  rises  from  0  to  0.04  and  then,  for  x 
ising  from  0.04  to  0.07,  Tg  increases  from  233  to  320K. 
'he  thermal  variation  of  Ps  was  determined.  The 
ariation  of  T,-  for  the  Sr-compound  is  rather  similar: 
c  decreases  first  from  396  to  238K  when  x  rises  from  0 
3  0.05  and  then  remains  constant  when  x  increases  up  to 
1.1. 

I  INTRODUCTION 

More  than  twenty  compounds  isostructural  with  BaAl204 
lave  been  reported  yet,  some  of  them  have  been  claimed 
ir  predicted  as  ferroelectric  [1].  The  first  one  was 
he  solid  solution  Ba(Li2xAl2-2x)04-4xF4x  investigated 
ly  Dunne  et  al.  on  single  crystals  with  composition 
t€[0. 15,0.30]  [2].  We  also  studied  the  same  compositions 
IS  ceramics  for  x«[0,0.3]  (3).  Crystals  of 

3ao.98(Alo.999  Cuo.OOl)204-3  were  investigated  by  Bush 
ind  al.[4];  the  materials  with  composition 

331.05^3204. 05  and  Srj  |Ai204  j  were  also  reported  as 
)eing  ferroelectric  [5].  It  could  be  concluded  that 
Tiaterials  with  a  structure  close  to  that  of  BaAl204 
:ould  be  ferroelectrics.  The  purpose  of  the  present 
itudy  is  to  investigate  the  dielectric  and  pyroelectric 
properties  of  some  new  compounds  derived  from  B£Al204  by 
he  mixed  substitutions  Ba/M  -  Al/Li  -  0/F  (M  =  Pb,Sr). 

2.SAMPLE  PREPARATION 

A  BaAl204  powder  was  prepared  as  starting  material  by 
solid  state  reaction  at  1300 °C: 

2BaC03  +  4A1(0H)3  ^  BaAl204  +  6H2O  +  2C02’ 
The  reagents  were  Merck  99.0%  purity  products.  The  X-ray 
liffraction  patterns  may  be  indexed  with  an  hexagonal 
init  cell  with  parameters:  a=10.449(l)A  c  =  8.793(l)A 
:lose  to  those  of  BaAl204  single  crystals  [6].  The  solid 
olution  ceramics  were  then  synthetised  by  solid  state 
eaction: 

l-x)BaAl204-)-x(MF2-i-2LiF)  -> 

B3l-xMx(Li2xAl2-2x)04-4xF4x  (M=P'\i;r). 

080-0-7803-0465-9/92$3.00  (©IEEE 


The  reagent  were  99.9%  purity  Merck  products  for  PbF2, 
SrF2  and  LiF  and  previously  prepared  BaAl204  powder.  The 
mixture  was  ground  and  then  uniaxially  pressed  as 
pellets,  heated  in  vacuum  for  2  h  at  120°C  and  sintered 
in  platinum  sealed  tubes  at  1450-1500‘’C.  The  XRD 
patterns  show  o.'.ly  one  phase  up  to  the  upper  values 
observed  for  Xp^=0.07  and  Xs,=0.1. 

3. X-RAY  DIFFRACTION 

The  XRD  patterns  of  the  two  kinds  of  new  obtained 
ceramics  can  be  indexed  with  an  hexagonal  unit  cell;  the 
examination  of  the  positions  and  the  intensities  of  the 
reflexions  shows  that  they  are  isostructural  with 
BaAl204.  This  structure  can  be  considered  as  deriving 
from  that  of  p-tridymite  [7],  The  three  dimensional 
framework  is  built  up  by  layers  of  [AIO4]  tetrahedra 
sharing  three  comers,  the  layers  are  linked  by  the 
remaining  comer.  Large  tunnels  parallel  to  me  c-axis 
are  filled  by  9-coordinated  Ba  atoms.  The  lattice 
parameters  were  determined  by  least-square  fitting.  The 
Fig.  1  shows  the  variation  of  a  and  c  ,  of  the  c/a  ratio 
and  the  cell  volume  V  vs.  x  for  the 
Bai.xPbx(Li2xAl2-2x)04-4xF4x  ceramics.  We  shall  discuss 


Fig.l  Variation  of  a,  c,  the  c/a  ratio  and  unit  cell 

volume  V  with  x  for  Bai.xPbx(Li2xAl2-2x)04-4xF4x 


le  values  measured  on  ground  ceramic  powders,  some 
ifferences  appear  for  the  values  obtained  from  the 
jrface  of  the  ceramics  probably  due  to  inremal 
iresses  developed  during  sintering.  For  the  Pb- 
ontaining  solid  strlutions,  a,  c  and  V  decrease  first 
or  rising  x  up  to  x=0.04  and  then  remain  constant.  The 
eplacement  of  larger  Ba^  +  ionsby  Pb2+  (rB.r*(IX)=  1 .47A 
Pb2»(lX)=  I.35A)  explains  the  cell  contraction  observed 
or  x<0.04.  For  x  exceeding  0.04  this  effect  seems  to  be 
ompensated  by  the  substitution  of  bigger  L.i  for  Al^ 
r^ij,(lV)=0.39A,rL.*(lV)=0.59A)  with  a  probable  slight 
earrangement  ot  the  structure.  For  the  Sr-solid 
olution  (Fig. 2),  the  values  of  a,c  and  V  decrease 

inearly  with  rising  x  in  the  whole  domain  between  0  and 
).  1.  The  smaller  size  of  strontium  (rs^*(IX)  =  1.3lA) 
ixplains  indeed  the  stronger  decrease  of  the  cell 
oarameters  and  volume. 


Fig. 2  Variation  of  a,  c,  the  c/a  ratio  and  unit  cell 

volume  V  with  x  for  Ba[,xSrx(Li2xAl2-2x)04-4xP4x. 


4  FF.RROFLECTRIC  PROPERTIES 
The  dielectric  constant  cf  and  tana  were  obtained  by 
capacitance  measurements  on  gold  electroded  pellets 
between  80  and  500K  in  the  frequency  range  [20,  300k]Hz. 
In  the  thermal  variation  of  cf  for  Bao.93Pbo.07L'0. 14 
All  86O3.72F0.28(P'g  -^)  ^  corresponding  to  Tq 

can  be  observed  at  320K.  The  dielectric  loss  due  to 
ionic  conductivity  increases  quickly  above  350K.  The 
variziion  of  Tg  vs  x  rate  is  given  in  Fig. 4  for  two 
solid  solutions.  For  the  Pb-containing  solid  solutions 
Tc  decreases  first  for  x  increasing  up  to  0.04,  and  then 
increases.  This  minimum  behavior  was  already  observed 
for  the  BaLi2xAl2-2x04-4xF4x  solid  solutions  [3].  The 
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Fig. 3  Temperature  dependences  of  cj-  and  tana  lor  a 
Bao.93Pt'0.07Lio.  I4AI 1 .8603.72^0.28  ceramic 

Tc(K) 


Fig. 4  Evolution  of  the  Curie  point  Tc  vs  x  for 

Bai-xMx(Li2xAl2-2x)04-4xF4x(M  =  Pb,Sr)  ceramics. 

variation  of  T^  with  x  results  from  the  competition  of 
the  Al-Li,  0-F  against  Ba-Pb  substitutions.  The  Az  shift 
of  the  central  atom  Al(Li)  in  the  tetrahedra  along  the 
polar  axis  from  its  position  in  the  paraelectric  phase 
is  mainly  responsible  of  the  spontaneous  polarization  in 
the  solid  solutions  with  low  substitution  rates.  The 
replacement  of  Al3+  by  bigger  Li"*"  ions  limits  its 
displacement  in  the  corresjxtnding  tetrahedral  site.  This 
effect  as  well  as  reduced  covalency  due  to  Al-Li 
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cationic  and  OF  anionic  substitution  leads  to 
decreasing  Tg.  For  x>0.04  the  Ba-Pb  cationic 
substitution  f?vor  an  increase  of  T^.  The  polarization 
of  Pb2+  is  stronger  than  that  of  Ba^'*'  [8];  this  may 
modify  the  atomic  framework  more  that  the  0-F 
substitution  and  even  if  the  tluoride  anions  are  not 
statistically  distributed. 

Fig. 5  shows  the  temperature  dependence  of  cf  for  a 
Bao  9Sro, il.io.2Ali,803  6F0.4  ceramic.  The  dielectric 
peak  is  diffuse  at  T(;=2.^8K.  The  conductivity  effect 
becomes  obvious  above  .^50K.  The  relation  between  T^  and 
X  is  shown  in  Fig. 4.  Tj-  decreases  first  with  rising  x  up 
to  0.05  and  becomes  practically  constant  for  O.OSsx^O.  1. 
The  replacement  of  Ba2+  by  smaller  Sr2+  ions  in  the 
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Fig. 5  Temperature  evolution  of  cf  for  a  BaQ  gSro.  1 
*■•'0. 2*^11. 8*^.1. 6^0. 4  ceramic. 


large  9-coordinated  site  gives  more  space  for  cation 
shifts.  The  spontaneous  polarization  related  to  the 
displacement  of  Sr^"*"  becomes  considerable  when  the 
substitution  rate  x  is  bigger  than  0.05.  This  may 
compensate  the  decrease  of  T^  due  to  the  coupled 
substitutions  of  Li  for  Al  and  F  for  O. 

5. PYROELECTRIC  PROPERTIES 
Thermal  variation  of  the  pyroelectric  coefficient  p 
and  spontaneous  polarization  Pj  are  reported  in  Fig. 6 
and  Fig. 7  for  Bao,93Pt>o.07L>0. 14^*1. 86O3.72F0. 28-  The 
ceramic  samples  have  been  previously  poled  by  heating  at 
the  poling  temperature  Tp=Tc-30K  with  a  dc  field  during 
3  min.  After  polarization  the  samples  are  short- 
circuited  at  the  same  temperature  for  lOh  in  order  to 
eliminate  the  space  charges.  The  measurements  were 
performed  by  a  thermal  depolarization  method  with  a 
heating  rate  of  6K/min.  The  direction  of  the 
polarization  vector  can  be  reversed  by  application  of  an 
electric  field,  p  presents  a  sign  reversal  around  200K 
and  Ps  shows  a  maximum  at  the  same  temperature.  This 
unsual  behavior  had.  nevertheless,  been  previously 
observed  for  BaAl204  and  BaLi2xAl2-2x04-4xF4xl3,4]. 


T(K) 


Fig. 6  Thermal  variation  of  the  pyroelectric  coefficient 
p  for  a  Ba0.93Pb0.07Li0.i4Al1.86O3. 72^0.28  ceramic 


Fg  (nC  cm’’) 


Fig.7  Temperature  dependence  of  the  spontaneous 
polarization  Pj  for  a  Bao.93Pbo.07  Lio.14 
All. 86O3. 72^0.28  ceramic. 


It  was  not  possible  to  observe  an  hysteresis  loop 
for  the  ceramic  samples  between  200  and  350K.  probably 
due  to  the  low  value  of  the  spontaneous  polarization 
(Psmax(200K)=0.57nC.cm'2)  by  comparison  with  the 
sensitivity  limit  of  the  equipment  (APs  =  ±10nC.cm'2). 

The  pyroelectric  measurement  cannot  be  performed  on 
the  solid  solutions  Bai.xSrxLi2xAl2-2x04-4xF4x  because 
of  the  sintering  temperature  limit  and  the  very  bad 
compactness  of  the  ceramics  (d,*,  /d,,|,  <0.75). 

6.CONCLL1S10N 

New  ferroelectric  ceramics  have  been  prepared. 
A  correlation  between  the  Curie  point  T^  and 
substitution  rate  x  is  observed.  For  Pb-containing 
ceramics  T^  decreases  with  x  and  then  increases  again 
linearly;  for  Sr  containing  ceramics  Tg  decreases  first 
and  then  becomes  constant  with  x.  The  spontaneous 
polarization  is  measured  on  the 

Bao.93Pbo.07Lio.  I4AI1 .8603.72^0.28  ceramic  sample,  the 
maximum  value  is  0.57nC.cm'2. 
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Absiract 

Determination  of  the  crystal  structure  of 
Pb5Cr3Fi9  at  room  temperature  reveals  an  atomic 
arrangement  that  satisfies  the  structural  criteria  for 
ferroelectricity.  Ferroelectric  Pb5Cr3Fi9  forms  a  complete 
series  of  solid  solutions  with  Pb5Al3Fi9.  Large  colorless 
crystals  of  the  latter  type,  with  dimensions  approaching 
Icm^,  have  been  grown  in  sealed  platinum  tubes  by  the 
Bridgman  technique.  The  phase  transitions  in  Pb5Al3Fj9 
have  been  studied  by  optical  microscopy  on  crystals 
oriented  along  different  crystallographic  directions. 
Ferroelastic  domains  have  been  observed;  a  reversible  and 
reproducible  ferroelastic-prototype  transition  has  been 
shown.  The  thermal  dependence  of  the  birefringence  has 
also  been  determined.  The  ferroic  properties  of  Pb5Al3Fi9 
are  discussed  in  relation  to  the  crystral  symmetry. 

1  -  INTRODUCTION 

The  determination  of  the  crystal  structure  of 
Pb5Cr3Fi9  at  room  temperature  has  revealed  an  atomic 
arrangement  that  satisfies  the  structural  criteria  for 
ferroelectricity  (1).  Various  studies  on  powders,  ceramics 
and  single  crystals  have  confirmed  this  hypothesis.  There 
is  in  addition  a  family  of  compounds  with  formula 
Pb5M3Fi9  (M  =  Al,  Ti,  V,  Cr,  Fe,  Ga)  (2).  Ferroelectric 
Pb5Cr3Fj9  forms  a  complete  series  of  solid  solutions  with 
Pb5Al3Fi9  (3).  Crystal  growth  of  lead  fluoroaluminate  has 
been  carried  out  in  order  to  investigate  the  phase  transition 
by  optical  measurements. 

11  -  CRYSTAL  GROWTH 

The  PbF2-AlF3  phase  diagram  has  been  previously 
determined  by  Shore  and  Wanklyn  and  more  recently  by 
Moulton  and  Feigelson  (4,5).  We  have  partially  checked 
their  results.  The  diagram  exhibits  a  eutectic  point  at  about 
933  K  (around  65  mole  %  PbF2).  As  Pb5Al3Fi9  melts 
incongruently,  a  PbF2  rich  composition  (72  mole  %  PbF2) 
has  been  selected  as  starting  mixture  for  crystal  growth. 
PbF2  is  a  pure  Merck  (99.99  %)  powder.  Anhydrous  AIF3 
is  obtained  by  thermal  decomposition  of  (NH4)3A1F6 
under  dry  argon  atmosphere. 

The  operation  has  been  performed  in  a  platinum 
crucible  sealed  under  dry  argon.  After  preliminary 
interaction  of  pure  PbF2  and  AIF3  (15  hrs  at  825  K)  the 


crucible  was  heated  up  to  995  K  in  the  isothermal  zone  of 
the  furnace.  Cooling  was  achieved  from  995  K  to  825  K  at 
a  0.5  deg.h  '  rate  and  from  825  to  293  K  at  a  10  deg.h  * 
rate.  A  transparent  block  of  about  2  cm^  and  of 
Pb5Al3Fj 9-type  has  been  obtained. 

A  microprobe  study  leads  to  a  composition 
of  63  ±2  moles  %  PbF2  combined  with  AIF3.  This 

result  includes  the  value  0.625  which  corresponds  to 
Pb5Al3Fi9  ;  the  measurement  nevertheless  does  not 
exclude  a  possible  solid  solution  of  Pb5Al3Fi9-type  at 
high  temperatures. 

OPTICAL  OBSERVATION  BY  POLARIZED 
TRANSMITTED  LIGHT. 

Experimental  procedure 

A  Ortholux  II  Pol  polarising  microscope  was  used 
with  transmitted  light  for  all  observations.  A  low 
temperature  stage  using  a  cooled  nitrogen  stream  allows 
experiments  from  77  to  300  K.  In  the  temperature  range 
from  300  to  600  K,  the  spiecimens  were  set  in  a  Leitz  high 
temperature  cell  heated  by  a  Pt  resistance  controlled 
furnace.  The  temperature  was  recorded  with  a 
thermocouple.  The  birefringence  was  measured  with  a 
Nikitin-Berek  compensator  using  a  543  nm  interferometer. 

Optical  characterization 

A  crystal  of  Pb5Al3Fj9-type  was  first  cut  parallel 
to  the  (001)  plane  of  the  prototype  tetragonal  (P.T.)  phase 
and  then  polished.  This  sample  cannot  be  totally  darkened 
between  crossed  polarizers  and  its  behavior  thus 
corresponds  to  a  very  weak  birefringence.  Observation  in 
convergent  polarized  light  (conoscopic  observation)  shows 
an  interference  figure  with  a  slightly  deformed  cross  close 
to  that  of  an  uniaxial  material.  The  addition  of  a  X  crystal 
plate  allows  clearly  the  determination  of  the  optical  sign  as 
positive. 

A  second  crystal  was  cut  and  polished  as  a  plate  of 
80  ^m  thickness  parallel  to  the  (110)  plane.  The 
observation  between  crossed  polarizers  shows  this  direction 
to  be  birefringent.  The  orientation  of  the  low  speed  axis 
was  determined  to  be  parallel  to  the  c  axis  of  the  P.T. 
phase. 
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Obse"'...‘ion  of  the  domain  walls  and  thermal  behavior 

At  room  temperature,  on  (110)  oriented  plates,  two 
kinds  of  ferroelastic  domain  wall  orientation  can  be 
observed,  parallel  or  perpendicular  to  the  c-axis  of  the 
P.T.  phase.  The  thickness  of  the  domains  is  about  2  /im. 
The  thermal  behavior  of  the  domains  was  observed  from 
the  temperature  range  77-4(X)  K  for  crystals  cut  at  different 
places  in  t^'  original  ingot.  Cooling  from  300  K  to  77  K 
does  no'  jsult  in  a  total  disappearance  of  the  domain 
walls.  .  heating,  from  300  to  400  K,  the  domain  walls 
vanish  at  a  definite  temperature  lying  in  the  range  330  to 
360  K  depending  on  the  specific  crystal  i.e.  its  position  in 
the  original  ingot.  Such  a  result  involves  a  composition 
gradient.  On  cooling  from  400  to  300  K  the  domains 
reappear  at  a  temperature  close  to  the  vanishing 
temperature  observed  on  heating.  The  domain  pattern 
reappears  without  mcxlification  of  the  previous  aspect.  We 
may  thus  conclude  that  this  temperature  corresponds  to  the 
ferroelastic-prototype  transition  without  apparent 
hysteresis.  The  unchanging  domain  pattern  after  several 
transitions  suggests  that  strong  internal  stresses  develop 
inside  the  crystal.  Figure  1  shows  the  domain  pattern 
below  the  ferroelastic  Curie  temperature. 

Birefringence  measurements 

A  study  of  the  birefringence  for  a  (100)  crystal 
plate  An  =  n^  -  n^.  was  measured  between  300  and 
600  K.  The  curve  shows  a  discontinuity  at  the  ferroelastic- 
prototype  temperature  (Fig. 2). 

DISCUSSION 

A  crystal  about  2  cm^  and  of  Pb5Al3F  19-type  has 
been  prepared.  Optical  measurements  have  revealed  only 
one  phase  transition  from  a  ferroelastic  to  a  prototype 
phase  whose  symmetries  are  monoclinic  and  tetragonal 
respectively  as  was  recently  shown  by  electron  diffraction 
(6).  Compared  to  X-ray  diffraction  on  powder  studies, 
there  is  no  doubt  that  the  crystal  obtained  is  of  Pb5Al3Fi9- 
type  but  has  a  slightly  different  composition  (7).  In  fact 
for  0.625  mole  %  PbF2  corresponding  to  Pb5Al3Fi9  there 
are  three  transitions  rather  than  only  one  in  the  temperature 
range  77  to  600  K. 
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Fig.l  -  Domain  structure  of  a  Pb5Al3Fi9-type  single 
crystal  at  room  temperature. 
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Fig. 2  -  Temperature  dependence  of  the  birefringence  of  a 
Pb5Al3Fi9-type  single  crystal. 
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ABSTRACT 

Piezoelectric  resonance  signal  front  minute  (-10  (ig)  single  grain 
ferroelectric  sample  is  ob.served  by  using  an  inductive  pulse  method. 
The  inductive  pulse  detection  method  does  not  reijuire  electrodes  to 
be  coated  on  the  samples  and  is  suitable  for  the  small  size  samples. 
Examples  of  the  temperature  dependent  resonance  signal  from 
Rochelle  salt,  KH.POjfKDP),  and  NHjH.POjl ADP)  single  grains 
are  shown.  Poling  and  switching  behavior  of  a  single  grain 
Rochelle  salt  in  an  external  electric  field  is  studied.  Time 
dependence  of  the  resonance  frequency  and  decay  time  constant  of 
the  transient  piezoelectric  resonance  signal  reflects  the  change  in 
sample  polarization  due  to  variation  of  domain  structure.  Another 
advantage  of  the  inductive  pulse  detection  method  is  its  capability  of 
observing  fast  initial  change  just  after  the  application  of  electric 
field.  The  in-silii  detection  characteristic  is  facilitated  by  the  well 
isolated  detection  and  poling  systems  inherent  to  inductive  methixls. 

Introduction 


In  the  application  of  ferroelectric  materials  two  mostly  used  bulk 
forms  are  single  crystals  and  ceramics.  Naturally  ceramics  consists 
of  many  random  grains  and  this  fact  introduces  inherent 
inhomogeneities  to  the  system.  Even  in  single  crystalline  system 
the  ferroelectric  domains  are  formed  spontaneously  due  to  the 
symmetry  breaking  phase  transition.  These  provide  complexity  in 
the  study  of  ferroelectric  materials.  Electric  fields  are  routinely 
anplied  to  pole  the  ferroelectric  speciittens  as  single  domain-like  as 
possible.  The  change  of  domain  structure  w  ith  time  represents  its 
approach  to  a  more  stable  one  in  an  electric  field. 

When  the  size  of  ferroelectric  sample  becomes  smaller  than  the 
typical  domain  size  (0. 1  qm  -  I  jim),  it  is  hard  to  fortii  im.'lti- 
domain  structure  and  the  sample  remains  in  a  single  domain  form  in 
ferroelectric  pha.se.  1 1 1  On  the  other  hand,  the  small  size  makes  the 
sample  more  susceptible  than  bulk  to  the  influence  of  surface.  It  is 
very  important  to  study  the  .sample  size  dependent  ferroelectric 
properties,  however,  experimental  studies  are  hampered  by  the 
difficulty  in  attaching  electrodes  onto  minute  samples.  Noncontact 
methods  which  do  not  require  electrode  attachments  will  be  suitable 
for  the  study  of  fine  grain  samples. 

An  electrodeless  detection  method  of  piezoelectKC  resonance 
signal  has  been  developed.  12|  We  modify  the  methol  ai.  aroly  it 
to  the  study  of  minute  single  grain  samples. 


Method 


The  electrodeless  detection  method  of  piezoelectric  resonance 
employs  the  techniques  used  in  pul.se  nuclear  tnagnetic  or  quadru- 
polar  resonance(NMR  or  NQR)  experiments,  |31  The  schematic 
diagram  of  the  detection  system  is  shown  in  Fig.  1,  In  this  non- 
contact  method  the  sample  is  placed  in  a  sample  coil,  rather  than  in 
a  parallel  plate  capacitor,  in  contrast  to  conventional  methods.  12| 
The  piezoelectric  excitation  and  detection  of  resonance  are  done  by 
rf  electric  *'ield  of  the  sample  coil.  The  detection  system  is  a 
conventional  pha.se  coherent  pulse  NMR  spectrometer  which  is 
operated  at  frequencies  near  .^..S  MHz.  Certainly,  the  dc  magnetic 
field  which  is  necessary  for  NMR  experiments  is  not  relevant.  The 
detected  piezoelectric  resonance  signal  is  a  fonn  of  free  induction 
decay  (FID)  signal  in  NMR  terminology  |.4|  and  two  quantitie.s.  the 
resonance  frequency  f,  and  the  decay  time  constant  T,'  can  be 
measured.  The  frequency  f,  is  actually  the  antiresonance  frequency 
f,  in  piezoelectrics  terminology.  The  decay  time  constant  is  related 
to  the  width  of  resonance  spectrum  by 
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where  (Af  is  the  half-width  at  half-maximum  height  of  the 
spectrutti  which  is  determined  by  the  efficiency  of  decay 
mechanisms  of  the  electromechanical  energies  stored  in  the  sample. 
The  measured  quantities  are  related  to  the  complex  elastic 
stiffness  constants  C  size  I  and  density  p  of  ihe  sample  |4|. 
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where  i.  j  and  K  are  the  indices  representing  appropriate  directions 
of  stress  and  strain  and  the  surface  condition  of  measur,  ments, 
respectively.  In  the  above  n  is  the  order  of  hartnonics  being 

measured,  tan  S,,,  the  mechanical  loss  which  is  inverse  of  the 
mechanical  Q-factor.  and  1  the  size  of  sample  in  the  direction  of 
propagating  mechanical  waves. 

The  couplings  between  sample  and  sample  coil  are  nuxiified  as 
in  Fig.  2  to  be  more  appropriate  for  orienting  and  poling  a  minute 
grain  sample.  The  sample  is  placed  in  a  parallel  plate  capacitor  cell 
and  oriented  by  applying  a  small  dc  electric  field.  The  sample  is 
coupled  to  the  detection  system  by  passing  the  wire  from  an 
elecirotle  of  the  cell  through  the  sample  coil.  One  can  also  connect 
the  wire  to  a  high  voltage  dc  power  supply  for  the  poling 
measurements. 


Fig.  I :  Block  diagram  of  inductive  pulse  detection  system.  This  is 
a  conventional  pulse  NMR  spectrometer  system  with  phase  sensi¬ 
tive  detector  (PSD).  A  piezoelectric  sample  is  placed  in  sample 
coil.  The  crossed  square  represents  a  back-to-back  pair  of  diodes. 


Fig.  2:  Sample  cell  geometry  for  minute  .single  grain  .samples.  A 
teflon  bolck(i)  contains  hollow  where  parallel  plates(2)  and  sample 
(3)  are  placed.  Electric  wire  passes  through  .sample  coil(4)  and 
connects  to  a  high  voltage  dc  power  supply(5)  with  a  current 
limiting  re.sistor(6).  The  temperature  of  sample  in  a  temperature 
controlled  dewar  is  measured  by  a  thermocouple!?). 


Results  and  interpretation 

We  present  some  of  the  measurements  made  on  Rochelle  salt, 
KDP.  and  ADP  single  grains.  The  grain  samples  are  selected  out 
from  commercial  granular  powders  (Junsei  Chemical  Co.,  Japan  GR 
grade).  First  of  all,  we  observe  as  strong  resonance  signal  from  a 
minute  single  grain  sample  (size  ~  0.4  mm  x  0.4  mm  x  0.6  mm)  as 
bulk  plate  (size  ~  0.4  mm  x  1  cm  x  1  cm)  in  spite  of  the  large 
volume  ratio  ~  400.  This  reflects  the  sample  volume  independent 
piezoelectric  resonance  signal  intensity  and  opens  up  a  possibility  of 
studying  even  a  molecular  thin  piezoelectric  wire  by  our  detection 
method. 


Fig.  3;  Temperature  dependent  piezoelectric  resonance  frequencies 
from  a  Rochelle  salt  grain.  The  measurements  are  for  cooling  runs 
with  electric  fields;  0  V/cm  (  •  ),  50  V/cm  (  a  ),  200  V/cm  {  o  ), 
500  V/cm  (  A  ).  700  V/cm  ( A  )  and  900  V/cm  ( ■  ). 


Examples  of  the  temperature  dependent  resonance  frequencies 
are  shown  in  Figs.  3,  4  and  5  for  Rochelle  salt,  KDP  and  ADP  single 
grain  samples,  respectively.  Rochelle  salt  is  unusual  in  that  the 
ferroelectric  phase  appears  between  two  nonferroelectric  phases 
separated  by  two  Curie  points  T^.,,  =  24  “C  and  T,.,  =  -  18  "C.  [5] 
Antipolar  ordering  of  dipoles  into  two  sublattices  was  claimed  for 
the  nonferroelectric  phases.  161  Rochelle  salt  is  also  known  as 
consisted  of  many  domains  in  its  ferroelecffic  phase  and  the  domain 
structure  can  be  changed  easily  by  applying  electric  fields.  1?]  The 
relevant  elastic  stiffness  component  to  the  measurements  in  Fig.  3 
is  C^’’*  for  the  thickness  shear  mode  at  constant  polarization,  and  dc 
electric  fields  are  applied  parallel  to  the  crystalline  a-axis.  The 
temperature  dependent  changes  in  resonance  frequency  f,’’  possess  a 
kink  at  the  upper  uansition  temperature.  The  kink  structure,  which 
was  attributed  to  morphic  effects  18),  depends  on  the  strength  of  dc 
electric  field  applied  to  the  sample  and  smears  out  when  the  field 
exceeds  900  V/cm  as  can  be  seen  in  Fig.  3. 

The  s-shaped  kink  and  its  influence  on  electric  field  resemble  the 
Van  der  Waals'  equation  of  state  for  gas-liquid  transitions  and  the 
influence  of  temperature  to  the  shape  of  transition  in  a  P-V  diagram. 
We  inierprete  the  kink  as  the  gas-liquid-like  transition  of  interacting 
dipoles.  The  gaseous  state  is  the  high  temperature  nonferroelecu-ic 
phase  and  the  dipoles  undergo  random  fluctuations  between  two 
symmetric  potential  wells.  The  liquid-like  state  is  the  ferroelectric 
phase  where  interactions  of  dipoles  generates  built-in  asymmetry  in 
potential  and  the  dipoles  condense  in  the  lower  energy  well.  The 
kink  represents  buildup  of  two  types  of  domains  below  the  transition 
temperature  and  the  domain  formation  becomes  inhibited  when  dc 
electric  field  of  sufficient  strength  let  one  of  the  two  domains  be 
more  preferable. 

In  Fig.  4  we  show  the  temperature  dependence  of  two  different 
resonance  frequencies  f,'’  and  f,^  of  KDP  measured  with  constant 
polarization  (P)  and  field  (E)  conditions,  respectively.  Experimen¬ 
tally  the  different  conditions  are  achieved  by  changing  the  resistance 
values  connected  in  series  with  the  parallel  plate  sample  cell.  (9) 
For  the  f/  2  MD  is  used  to  mimic  an  open  circuit  for  rf  and  94  kI2 
is  used  for  the  f/.  Although  the  induction  coupling  scheme  of  our 
detection  method  allows  short  circuit  measurements,  the  small 
resistance  is  added  to  limit  the  currents  and  to  protect  the  sample 
from  overheating.  The  sample  is  oriented  in  elecmc  field  with  the 
crystalline  c-axis  parallel  to  the  field.  The  relevant  elastic  stiffness 
components  are  Q/*  and  Q/*,  respectively.  The  results  are  in 
accord  with  the  previous  measurements  110)  on  bulk  .sample  by 
conventional  method. 


I 


cn  d.toQi - ^ ^ ^ ^ ^ 

-190  -150  -110  -70  -30  10 


TEMPERATURE  ("t  ) 


Fig.  4:  Temperature  dependent  resonance  frequencies  of  a  KDP 
grain.  The  open  circuit  resonance  frequency  (circles)  has  no 
noticeable  hysteresis  (filled  and  open  circles  for  the  cooling  and 
heating  measurements)  or  field  dependence  upto  2.5  kV/cm  in  the 
scale  of  the  figure.  There  is  a  strong  decrease  in  resonance 
frequency  as  the  ferroelectfic  transition  is  approached.  We  could 
not  find  resonance  signal  in  ferroelectric  phase.  The  short  circuit 
resonance  frequency  (triangles),  on  the  other  hand,  is  not  influenced 
by  the  ferroelectric  transition. 
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One  itueresting  outcome  of  the  studies  on  small  grain  ADP  is 
that  the  minute  crystal,  especially  when  it  is  under  dc  electric  field, 
is  free  from  the  notorious  shattering  problem  which  is  experienced 
by  the  bulk  ADP  when  it  is  cooled  below  the  antiferroelectric 
transition  temperature  T  =122  C.  The  cooling  and  subsequent 
heating  measurements  in  Fig.  5  show  no  evidence  of  shattering 
when  dc  electric  field  of  1  kV/cm  is  applied  to  the  sample  conti¬ 
nuously  throughout  the  transition.  This  opens  up  a  new  possibility 
of  studying  single  crystalline  properties  of  ADP  in  its  antiferro¬ 
electric  phase. 


Fig.  5;  Temperature  dependent  re.sonance  frequencies  of  ADP 
minute  grain.  When  electric  field(  1  kV/cm)  is  applied  to  the  sample 
continuously  the  heating  run  follows  the  previous  cooling 
measurements  even  though  the  crystal  was  experienced  the 
antiferroelectric  phase  transition. 


We  now  concern  about  the  time  dependent  piezoelectric 
re.sonance  frequencies  and  decay  time  constants  of  Rochelle  salt  in 
dc  electric  field.  Only  in  ferroelectric  phase  the  time  depen-dent 
changes  are  ob.served  as  the  example  in  Fig.  6  which  is  measured  at 
13  "C  with  16  kV/cm  fielo  applied  in  the  direction  of  c-axis.  There 
is  an  indication  of  strongly  correlated  behavior  between  the  two 
time  dependences  such  that  at  the  same  time  when  the  fastest 
change  in  f,  with  respect  to  the  logarithm  of  time  occurs,  the  T;* 
becomes  maximum.  The  correlation  is  actually  between  the  real 
and  imaginary  parts  of  complex  elastic  stiffness  and  is  similar  to 
what  was  seen  1 1 1 )  in  PZT  ceramics. 
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Summary 

The  inductive  pulse  method  of  piezoelectric  resonance  detection 
is  very  useful  in  the  study  of  minute  granular  ferroelectric  cry  stals 
The  electrodeless  nature  of  the  detection  meihtxl  suits  to  the  small 
sized  samples.  The  gram  samples  can  be  easily  obtained  from 
commercial  granular  powders.  The  intensity  of  piezoelectric 
resonance  signal  hence  detected  from  a  minute  grain  is  not 
weakened  in  spite  of  its  small  volume  and  this  fact  will  allow  us  the 
study  of  effects  of  small  size  on  ferroelectric  and  piezoelectric 
properties.  Some  interesting  results  including  the  evidence  of 
condensation-like  phase  transition  propenies  of  Rochelle  salt  and 
the  different  shattering  behavior  in  ADP  grains  on  cooling  have 
come  out  already  through  the  study. 
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Fig.  6;  Time  dependent  changes  in  f, (curve)  and  T,*  (dots)  for  a 
Rochelle  salt  grain.  The  sample  is  kept  at  constant  temperature  (13 
"C)  in  its  ferroelectric  phase  and  an  electric  field  (16  kV/cm)  is 
applied  at  time  t  =  0. 
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STIMULATED  CURRENT  AND  RAMAN  SCATTERING 
MEASUREMENTS  AND  MODEL  INTERPRETATION. 
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Abstract 

PI./.T-\/‘^5/5  ceramics  wilh  Km  l.a 
concentration,  x  =  to  4\\t%,  exhibit  an 
Antiterroelectric  (Al'b!)  -  Ferroelectric  (I'F)  - 
Paraelectnc  (PF!)  phase  sequence.  Ihe  FH  phase 
exists  in  both  AFF!  and  Pli  phases  in  a  wide  range. 
Dielectric,  p\  roelectric.  thermally  stimulated 
current  and  Raman  scattering  measurements  ha\e 
been  jx'tfonned  as  functions  of  temperature  m  all 
phases.  Ihe  diffuse  character  of  the  phase 
transitions  was  continued  and  the  width  of  the 
phases  coexistence  was  pro\ed  to  deiiend  upon  the 
La  concentration.  An  inteqiretation  model  is 
proposed  for  the  defects  and  the  phases  balance. 

Dielectric  mea.<iurenient.<i 

The  PL/. r-x/95/5  ceramics  with  l.a  content  of 
0.5,  1,  2  3,  and  4  v\t%  were  prepared  using  a 
conventional  method  tif  themial  s\nthesis  of 
mixed-oxides,  t  he  final  sintering  was  perfomied  at 
1250°C  during  ,3  hours  in  a  double  crucible  with  a 
PbO  atmosphere.  As  a  result  of  the  small  si/e  of 
the  grains  ( lOgm  and  less)  and  the  low  porosit\  ( 1 . 
2|,  the  obtained  ceramics  were  partiall\  trans¬ 
parent  (~30%  in  the  visible  ligth  for  a  1mm  thick 
sample) 

The  samples  were  coated  with  silver 
electrodes,  fhe  temperature  dependence  of  the 
permittivitv  (e)  and  of  the  dissipation  factor  (tand) 
were  measured  at  nine  lixed  dilLerent  frequencies 
between  0. 1  and  20  kl  1/  using  a  computen/ed 
automatic  system  based  on  a  I'esla  1)191-595 
RJ-C(i-merter  fhe  remanent  polarization  (Pr)  vs, 
tem|"»erature  was  obtained  from  hvsteresis  loop 
measurements  in  a  field  of  Irequencv  50  1 1/  and 
strength  of  5  kV/cm.  Before  measurements,  the 
samples  were  deaged  by  a  thermal  treatment  at  600 
°C  for  one  hour.  An  example  of  (c)  and  PfCD 
curves  on  heating  and  cooling,  for  PLZ'l- 1/95/5 
ceramics  are  show  n  in  F  igure  1. 


Ihe  l.a  dopaiil  has  a  special  strong  iiilluence 
on  the  remanent  ivolan/alion  hi  the  case  of  o  5  and 
1%  ot  La.  the  P,!  1  )  Ixhaves  smiilarlv  as  shown  in 
Figure  1.  Ihe  IT  values  are  the  biggest  for  the 
PL/ 1-0  5/95/5  sample  In  the  case  of  2.  3  and  4"  .. 
of  La  ciinlent.  however,  onlv  slim  Insteresis  loops 
and  verv  small  P,  values  were  observed  in  the 
whole  temperature  range  of  the  transient  IT  phase 
fhe  comparison  ol' the  ut.  1 )  curves  for  PI  /  1 - 
x/95/5  tx  “  (I  5  to  4wt‘’i.).  measured  on  heating  at  a 
Ikllz  frequency  is  shown  in  Figure  2 

The  AFlTFli  and  I  li-Pli  phase  transitions 
temperatures  as  functions  of  the  l  a  concentration 
are  also  shown  in  the  Figure  2a 


on  heating  (curves  1  and  3)  and  on  cooling  (curves 
2  and  4)  for  PL/ f- 1/9 5/5 
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c^nitont  \  =  ((,5  tc)  4\M‘?o  and  the  |'>haso  transitum 
tcnipcraturos  (11--P1'  cune  1.  A11>1T!  region 
between  eur\es  2  and  3)  as  a  I’unetion  of  I. a  eonlent 
(a). 


Ihis  pluise  diagram  is  compatible  with  part  of 
that  for  /r-rich  PI,/  1  materials.  gi\en  by  llaertling 
and  land  The  dopant  causes  a  strong 

decreasing  of  the  Cniax  'ulues  at  the  Curie 
temperature,  whiclt  is  shifted  downwards  with 
increasing  i  .a  concentration. 

I  he  diagram  of  tlie  natural  logarithm  of  llie 
fiequenc\  \s.  the  reciprocal  absolute  temperature 
pio\ed  that  the  freciuencx  dependence  of  the 
temperatures  at  which  local  maxima  in  the  tanbfl  ) 
cuiAes  occur  can  be  described  b\  the  known 
equation  f  =  foexp;-lq,/kifl  ;  |4|.  Ihe  activation 
energies  Iq,  obtained  Irom  these  data  are 

aiq^rcximateh  ('f  leV  and  <>  65eV  for  the  o  5/'‘>s/s 
and  tlie  .’/‘Cx/s  ceramics,  respectnelv. 

Pyroelectric  and  thermally  stimulated  depolari¬ 
zation  current  mesurements 

An  examiile  of  the  pxroelectric  cuiTent 
bcha\iour  around  the  Af  l'-l  l  i  and  I'fi-PI'  jihase 
Iransiiioiis.  recorded  lor  the  PI ./ 1 -<>  .s/q.s/5 
ceramics  is  sliown  in  f  igure  ,C 


Ihe  sample  was  pre-iv)lan/ed  in  a  dc  held  oj 
5kV7cm  strength  applied  at  IXO'^C  ti  e  inside  the 
11-  pha  se)  during  Id  mm  and  then  heated  lhrv>ugh 
the  I'li-Pl'  phase  transition  with  the  rate  of 
IdKl/'min 

Ihe  metaslable  [xilari/ation  fomied  during  the 
process  of  preixilan/ation  arises  usualK  from  the 
combination  of  \arious  com]X)nents  and  namcK 
hetenniharge  (dipolar  orientation,  ionic  and  elec¬ 
tronic  drill)  and  honKvharge  (electronic  and  ionic 
iniection  from  electrodes)  fhe  ihemuilK  stimu¬ 
lated  de[X)lari/ation  cuiTent  can.  in  tins  case,  occur 
at  lem]'>eralures  much  higher  than  llic  tcm|vraUircs 
at  which  the  sample  was  pre-]xi)ari/ed  j:s|  .lust 
such  a  bchaMour  ol'  fSDC  v\as  observed  ni  the 


figure  ?>:  fhe  pyroelectric  current  arround  the 
Afl'-fli  and  fli-Pl'  phase  transitions  (curves  1 
and  2)  and  polarization  vs  temperature  (curves  x 
and  4)  for  PI , /  I  -d  5/d 5 ''5  ceramics. 


Raman  scattcrin};  measurements 

Raman  scattering  measurements  have  also 
been  perlbrmed  for  the  same  I.a  concentrations  of 
0  5.  1.2..'^  and  4'’(i.  in  the  lemjierature  range  2d  to 
25d°C.  after  deaging  at  6dd“(.'  for  ajiproximatelv 
one  hour  before  anv  new  experiment,  in  this  wav. 
strong  memorv  elVects.  as  well  as  the  increasing 
absoiqsluin  vif  the  samjvlcs.  due  to  laser  illumination 
were  eliminated. 

( )ur  Raman  scattering  results  show  that  both 
fi  and  I.a  dopants  mnuence  slronglv  the  lallice 
dvnainics.  relative  to  the  particular  phase  transition 
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and  to  the  relaxor  pn)perties  ot’  FL/.T-x/95/5 
ceramics.  I'hey  influence  as  well  and  especialK  the 
neighbour  AFl',  Fh  and  PI*  phases  coexistence  in 
the  vicinity  of  the  phase  transition  temperatures 
The  in\estigation  (.if  these  phases  C(.)existence  b\ 
Raman  scattering  measurements  indicated  that 
1°)  the  transition  temjx’rutures  decrease  as  the 
Lanthanum  content  increases  and  2°)  the  h>steresis 
c\cle  broadens  indicating  that  the  character  of  the 
transitions  becomes  more  ditUise  with  increasing 
Lanthanum  concentrations  from  9.5  to  4  wl%:  in 
other  words,  the  width  of  the  phases  coexistence 
increases 

For  the  first  time,  a  new  peak  at  25  cm**  v\a.s 
observed:  it  is  present  only  in  the  FI.  phase  (even 
mixed)  of  the  PLZ’f  ceramics  for  all  the  La  concen¬ 
trations  under  consideration. 

Figure  4  illustrates  the  temperature  behaviour 
of  all  low  frequency  peaks  and  especially  of  this 
new  peak  at  25  em'i  for  the  PL/.  1-2/95/5  ceramic. 


FLZT  2/95/5 


Figure  4:  Raman  spectra  of  PLZ'l -2/95/5  ceramics 
as  a  function  of  temperature. 

All  the  obtained  spectra  have  been  analysed  in 
terms  of  an  adequate  superposition  of  :  1°)  a 
relaxor  contribution  in  order  to  take  into  account 
the  Rayleigh  scattering,  2°)  a  second  relaxor 
contribution  in  order  to  take  into  account  the 
central  peak  due  to  structural  defects.  3°)  an 
appropriate  number  of  lorentzian  shape  peaks  in 
order  to  take  into  account  the  light  scattering  due  to 
low  frequency  collective  vibrations  of  the 
constituant  atoms.  Figure  5  illustrates  such  a 
spectrum  analysis  for  the  case  of  PLZT-2/95/5  at 
room  temperature. 

( )n  the  basis  of  this  analysis  of  the  Raman  spectra, 
it  has  been  possible  to  draw  the  variation  w  ith  the 


Figure  5  F’xjvenmental  (dots)  and  lilted  (line) 
Raman  sftectruin  of  PLZ 1-2/95 '5  at  nvini 
temperature,  showing  the  difl'erenl  coiniXMienls 
fhe  spectrum  has  been  conecled  for  the  thennal 
{Population  function 

tenifierature  of  the  intensities  (integrated  area>)  of 
the  second  relaxor  and  of  the  three  selected 
lorent/ian  peaks:  we  observed  a  remarquable 
similarity  between  the  second  relaxor  curve  as  a 
function  of  temiieratnre  and  the  corresjsonding 
dielectric  constant  curve  for  all  La  concentrations 
under  consideration 

fhe  selected  peaks  are  :  1°)  at  5()cnTl  because  it  is 
characteristic  of  the  AFl:  jshase.  2°)  at  .t5cnrl 
Isecause  it  is  characteristic  of  the  particular 
{•erovskite  structure  and  3°)  at  25  enr*  Isecause  it 
is  characteristic  of  the  FI:  phase  (presumablv  it 
corresponds  to  a  /one  edge  longitudinal  acoustic 
v  ibration  of  the  host  Pb/rt  )y  structure,  activ  ated  bv 
the  presence  of  defects),  fheir  integrated  intensitv 
variation  with  temperature  allowed  to  draw  the 
phase  diagrams.  In  Figure  6  is  shown  the  case  of 
the  PLZ.  1-2/95/5  ceramic 

Di.scussion 

The  obtained  experimental  data  shvnv  that  the 
dvppant  has  a  strong  influence  on  all  the 
investigaled  properties  of  the  PU'.’l'-.\/95/5  (\  =  0.5 
to  4vvt%)  cenimics  l.anthiinum  replaces  mamlv 
Lead  creatine  vacancies  in  its  sublattice. 

I  he  La  sites  are  also  considered  as  donors, 
whereas  Pb  vacancies  behave  as  acceptors,  fhe 
pair  La-^'*‘-Pb2+  can  also  be  considered  as  dijvoles 
giving  rise  to  di{x>lar  {Polan/ation.  In  the  vicinities 
of  the  AFL-Fl:  phase  transitions  thev  can  plav  the 
role  ol  nucleation  centres  ol  F  T,  domains,  similar  to 
Nb5'*"-Pb2+  dipoles  in  Nb  doped  PbZrOt  and  PZT 
ceramics  [6]. 
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PLZT  2/9S/S  on  heating 
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Temperature  in  *C 

l  iguic  6  Pliusc  diagram  ot’  ihc  PI./ .T2/'>5/5 
ceramic  based  on  the  appropriate  Raman  peak 
inlensiiies  riinctions  ol' temperature 

The  l  a  elo|\inl  has  also  an  inlluence  on  tlie 
ejualil\  of  the  Pl,/T  ceramr-s.  causing  a  decrease 
of  the  gram  si/e  and  ot' the  porosih.  increasing  in 
tins  \\u\  then  lrans|iarenc\  |31  In  llie  case  of  the 
nnesligatcel  ceramics,  ilie  \  acancies  in  the  I’b  and 
( )  sul'iiattices.  causeu  in  Pb( )  sublimation,  should 
be  also  taken  into  account 

lo  e\plain  the  obser\ed  strong  broadened 
AIT-M'  and  lli-Pb.  phase  transitions,  the 
compositional  and  polari/ation  lluctuations  slnmld 
be  taken  into  account  Hie  occurence  of  the 
compositn'iial  lluctuations  is  beyond  an\  dmibl  in 
the  studied  ceramics  I  he  lluctuations  occur  in  the 
Pb.  1  a  and  \  acancies  in  Pb  and  ( )  sublaltices 
distribution  I'he  same  holds  t’or  the  /rfli 
distribution  flie  bmadening  of  the  phase 
transitions  is  much  stronger  if  the  two-phase  Al  l  i- 
11.  and  M  -Pli  regions  are  approaclied  at  higher  l,a 
concentration  Ihe  polari/ation  lluctuations  also 
pla\  an  important  role,  espaciallv  around  the  Al  li- 
11.  transition,  on  account  of  the  small  free  energy 
difference  between  these  phases.  It  causes  the 
cocMslence  of  these  phases  in  the  region 
snrioniKling  tlic  Al  b.-l  li  jshase  tninsitions.  Hie 
same  liokls  parlialh  tor  the  IT-Pli  transition. 


dtimains  allows  us  to  understand  the  shin 
h\steresis  Unip  and  the  small  P^  \alues  K>r  the 
higher  1  a  concentraiion  samples 

Ihe  separated  donors  (l.a  ions  and  vacancies 


in  the  ()  sublatlice  lx‘ha\mg  as  irapsi  and 
acceptors  (mainh  vacancies  in  the  Pb  sublattice) 
form  simultaneously  n-  and  p-tvjx-  conducting 
cathodic  and  anodic  surface  lavers.  resixctivelv 
1  he  electrons  released  due  to  thennal  generation 
from  donors  and  naps  in  the  n-conductmg  cathiKlic 
laver  dilVuse  towards  the  bulk  under  a 
concentration  gradient  fhe  emptied  donor  and  trap 
centres  change  the  eJectroehennea)  projx-rties  ot  llie 
cathodic  contact,  causing  an  miection  of  electrons, 
which  relill  again  these  centres  If  this  process  is 
not  elTective  enough,  a  change  of  the  electric 
conductivilv  tyjv  lakes  place. 

Considering  tins  phenomenological  model 
illustrated  m  f  igure  7.  one  can  understand  the 
ditlerenl  asjvcts  ot'our  measurements 


[  AFE  or  PE  matrix 

m 

:oi 

a 

•'igure  7: 

Illustration  of  two 

twin  demin 


screened 

domain 


local 
concentrotionj 
polarization 


field  energy  minimah/ation  of  l  li  domains 
remaininu  in  an  Al'li  or  Pli  phase  matrix 
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ABSmCT 

Two  new  members  in  the  tungsten- bronze  family  of 
ferroelectric  lead-potassium-niobate  (PKN)  have  been  identihed. 
Ceramic  samples  with  general  formula  Pb|.xK2xNb20(i  have  been 
processed  with  different  values  of  x.  PIW  with  x  =  0.20  is  the 
leading  material  for  high  speed  broad  band  surface  acoustic  wave 
devices.  The  new  materials  are  of  composidons  x  >  0.23  and  x  > 
0.34.  The  processing  of  these  materials  involves  charge 
preparation,  solid  state  reaction,  isostatic  pressing  and  annealing. 
These  samples  have  been  characterized  for  ferroelectric  properties 
between  25  °C  to  500  °C.  The  samples  exhibit  well  pronounced 
and  characteristic  peaks  of  a  ferroelectric  material  in  the  thermal 
behavior  of  dielectric  constant  and  conductivity.  The  Curie  point  for 
X  =  0.23  is  found  to  be  at  396  ^  ±  2  whereas  it  is  at  242  ^  ± 
2  for  X  =  0.34.  These  values  are  in  close  agreement  with  values 
obtained  from  other  measurements.  The  differential  thermal  analysis 
and  thermo  gravimetric  analysis  show  these  ceramics  to  be  of  single 
phase  with  melting  points  at  approximately  1280  °C  for  x  »  0.23 
and  1220  °C  for  x  =  0.34,  respectively.  The  paper  will  present  the 
method  of  ceramic  processing,  the  results  of  ferroelectric 
characterization;  and  the  DTA,  TGA  and  X-ray  diffraction  analyses. 
Efforts  are  now  being  made  to  synthesize  large  bulk  single  crystals 
of  these  compositions  to  determine  the  anisotropic  and  optical 
properties  for  identifying  their  applications  in  electro-optics,  sensor 
and  transducing  devices. 


Ferroelectric  tungsten-bronze  (TB)  oxides  in  general  exhibit 
ferroelasticity  and  are  attractive  for  electrooptic  and  pyroelectric 
devices  [I].  Single  crystals  of  PKN  with  x  =  0.20  have  been  found 
to  possess  attractive  physical  properties  which  make  it  a  very 
desirable  substrate  material  for  surface  acoustic  wave  (SAW) 
devices  [2,3].  Current  materials  for  this  application  such  as  a- 
quartz  and  lithium  niobate  are  of  marginal  value  because  of  their 
btrinsic  physical  properties  in  the  upper  frequency  limit  of  operation 
[4].  The  largest  elecBomechanical  coupling  factors  ever  observed  in 
a  TB  structure  are  those  of  Pb2KNb50i5  crystals  with  ki  j  =  0.69 
and  K24  =  0.73  [5).  However  PKN,  though  satisfactory  in 
performance  over  a  much  wider  frequency  bandwidth,  has  been 
shown  to  contain  innumerable  cracks  all  across  the  bulk  when 
synthesized  as  Single  crystals  [5,6].  Thus  there  is  a  growing  need 
for  materials  which  may  exhibit  superior  properties  of  PKN  with  x 
=  0.20  but  can  be  grown  as  large  single  crysuds  without  mechanical 
flaws. 

Four  new  members  of  the  PKN  family  have  been  processed 
in  the  ceramic  form  from  stoichiometric  charges.  The  composition 
of  the  charge  has  been  altered  progressively  to  include  more  of 
potassium  into  lead  in  the  composition  Pbi.xK2xNb206.  The  value 


of  X  varied  from  0.23  to  a  high  value  of  0.5.  The  ferroelccnric 
properties  of  these  samples  were  studied  and  the  results  are 
compared  with  those  of  miginal  and  traditional  composition  with 
x-0.2  (Pb2KNb50i5). 

PROCESSING 

PKN  charge  processing  involved  the  mixing  of  chemical 
compouitds  in  ai^Sropriate  ratios,  developing  a  solid  state  reaction 
and  densifkation. 

Highly  pure  (99%  or  better)  powders  of  Pb02,  Nb20s  and 
K2CO3  are  mixed  in  the  necessary  molar  ratios  as  required  for  each 
member  of  the  compound  (i.e.,  viue  of  x  in  Pb|.xK2xNb206).  The 
charge  is  then  ball  milled  for  several  hours,  stopping  the  process 
intermittently  to  remove  any  packed  material  from  the  inner  walls  of 
the  container  and  mixing  with  the  test  of  the  charge.  The  powdered 
mixture  is  rich  purple  to  brown  in  color  and  soft  in  texture. 

Each  of  these  charges  (mixurcs  for  the  different  members  of 
the  PKN  family)  ate  placed  in  a  separate  clean  alumina  crucible  and 
heated  to  300  in  a  resistively  heated  furnace  at  the  rate  of  about 
120  per  hour.  Soaking  for  half  an  hour  at  300  *^C  allows 
decomposition  of  Pb02  to  provide  the  required  PbO  and  release  of 
oxygen. 

2Pb02 . >  2PbO  +  O2  (1) 

Further  heating  and  soaking  at  900  for  three  hours  decomposes 
K2CX>3  according  to  the  equation; 

K2COJ  . >  K2O  +  COz.  (2) 

Also,  PbO  tiKlts  at  886  °C  and  diffuses  into  the  charge  mixture 
which  allows  a  chemically  homogeneous  compound  of  desired 
stoichiometry  to  be  formed.  Then  the  furnace  is  cooled  to  room 
temperature.  The  resulting  powder  is  pale  yellow  in  color  and  the 
texture  is  noaintained. 

The  formation  of  PKN  charge  is  governed  by  the  following 
chemical  equation 

(l-x)PbO  +  (x)K20  +  Nb205  . >  Pbi.xK2xNb206-  (3) 

Equations  (1)  and  (2)  show  that  there  is  an  evolution  of  carbon 
dioxide  and  oxygen  during  processing  ffeun  the  above  mentioned 
chemicals.  By  calculating  the  weight  of  gases  evolved  and 
comparing  with  the  weight  loss  measured  in  the  samples  after 
cooling,  the  completion  of  reaction  can  be  ascertained. 

The  fust  phase  of  increasing  the  material  density  is  by  cold 
pressing.  Then  die  charge  is  compacted  into  pellets  in  a  hydrostatic 
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press  by  applying  a  pressure  of  380MPa  for  aboui  10  seconds  by 
means  of  a  water-oil  baui.  This  removes  voids  and  increases  the 
interface  boundary.  The  pellets  are  a  few  millimeters  thick  and  1 
inch  in  diameter  A  high  temperature  sintering  for  9  hours  at  1 100 
causes  an  intimate  mixture  to  be  formed  and  enables  further 
densificadon.  The  pellets  were  free  of  any  cracks  or  mechanical 
defects.  Small  specimens,  3mm  x  3mm  x  hum,  are  cut,  polished 
and  electroded  for  various  measurements  to  ascertain  their 
ferroelectric  properties. 

CHARACTERIZATIQN 

Thennal,  femoelectric  and  x-ray  analyses  were  performed  on 
each  of  the  ceramic  samples  obtained.  Netzsch  Inc.  analyzer  was 
used  to  conduct  the  Differential  Thermal  Analysis  (DTA)  and 
Thermogravimetric  Analysis  (TGA).  DTA  and  TGA  show  the 
compounds  x  =  0.23  and  x  =  0.34  to  be  congruent  melting  in 
nature.  Melting  point  is  seen  to  be  around  1 280  %  for  x  =  0.23  and 
1220  °C  for  X  =  0.34.  The  other  two  samples  with  x  =  0.43  and  x 
-  0.30  are  not  stable  melts  and  are  suspected  to  be  incongruent. 
Their  melting  points  are  found  to  be  approximately  1 180  and 
1 120  ®C.  respectively.  The  TGA  reveals  hardly  any  weight  change 
in  the  compounds,  ruling  out  any  oxygen  absorption  by  the  material. 

Ferroelectric  characterization  involved  obtaining  the  dielectric 
constant  (Er)  and  conductivity  (O)  as  a  function  of  temperature. 
Instrumentation  for  these  studies  was  developed  in  the  laboratory. 
The  primary  technique  was  studying  the  capacitive  behavior  of  the 
samples.  Electrodes  were  applied  to  two  parallel  faces  of  the 
pressed  dense  ceranvic  specimens  using  silver  epoxy.  It  was  found 
that  it  diffuses  into  the  material  during  the  curing  step  at  ISO  ^ 
causing  dielectric  breakdown.  Hence  gold  ink  was  applied  on  both 
sides  of  the  sample  and  fked  at  700  °C  for  10  minutes.  Silver 
epoxy  is  then  used  as  an  adhesive  to  bond  the  tin  coated  copper 
wires  as  external  leads  on  both  sides  of  the  sample.  Thickness  of 
the  sample  was  typically  1  mm. 

An  integrated  system  was  employed  for  measurement  of 
ferroelectric  parameters.  A  resistive  furnace  with  a  sample  holder 
arrangement  was  hooked  to  a  controller  that  can  be  programmed  for 
heating,  soaking  and  cooling  cycles.  A  chromel-alumel 
thermocouple  was  placed  within  2  millimeters  of  the  sample  and 
connected  to  the  computer  through  a  thermometer.  Capacitance 
across  the  sample  was  determined  using  an  l.CR  meter,  also 
connected  to  the  computer.  Knowing  the  dimensions  of  the  sample 
and  the  area  of  applied  electrodes  the  dielectric  constant  was 
determined.  The  instrumentation  was  activated  through  National 
Instruments'  LABVBEW  data  acquisition  software  that  samples 
temperature  and  electrical  voltage  values  and  stores  as  the  two  axes 
readings.  Fig.  1  and  Fig.  2  show  the  dielectric  constant  plots.  For 
X  =  0.23,  the  dielectric  constant  reached  a  peak  value  of  4370  at  the 
Curie  point  of  T^  =  396  ^C  ±  2  °C.  The  room  temperature  value 

was  found  to  be  498  and  there  is  a  sharp  rise  in  the  curve  above  330 
°C.  The  decline  in  the  graph  above  Tc  is  not  as  rapid.  For  x  =  0.34 
dielectric  constant  rose  from  838  at  room  temperature  till  Tc  =  242 
°C±2°C  where  the  peak  was  found  lO  be  at  2914.  The  curve 
dropped  off  symmetrically  till  the  higher  end  of  measurement  range 
at  almost  300  ^C.  The  change  in  the  Curie  point  for  the  different 
samples  is  in  accordance  with  the  molar  ratio  of  the  lead  and 
potassium  contents.  The  transition  temperature  for  the  more 
commonly  known  PKN  with  x  =  0.20  is  Tj  =  469  °C  ±  4  ^C  [31 
while  lead  niobate,  PbNlrOe,  has  a  curie  point  of  Te  =  570  ^C  [7). 
Samples  with  x  =  0.43  and  x  =  0.50  did  not  show  any  ferroelectric 
behavior. 


Fig.  1  Relative  Dielectric  Constant  (Er)  vs.  Temperature 
of  PKN,  x  =  0.23 


Fig.  2  Relative  Dielectric  Constant  (Er)  vs  Temperature 
of  PKN,  X  =  0.34 


AC  conductivity  (o)  noeasurements  were  carried  out  only 
samples  with  x  =  0.23  and  x  =  0.34.  Instrumentation  was  similai 
the  dielectric  constant  measuring  setup  where  the  LCR  meter  had 
conductance  display  alsc  In  both  the  cases  data  are  obtained  using 


Hg.  3  Thermal  behavior  of  ac  conductivity  of  PKN,  x  =  0.23 
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Table  I 

Pertinent  parameters  for  PKN  members 


PKN 

Lattice  Constants  (A) 

■■ 

Ef 

oat  250c 

d 

X 

a 

b 

c 

25  OC 

Tc 

(tiS/cm) 

(g/cc) 

17.723 

17.987 

3.895 

469  ±4 

1500 

12500 

0.012 

6.12 

0.23 

17.792 

18.096 

3.867 

396  ±2 

498 

4570 

0.0095 

5.167 

0.34 

17.526 

18.443 

3.898 

242  ±2 

858 

2914 

0.0096 

5.6 

a  reference  signal  of  frequency  IkHz.  Conductivity  curves  are 
shown  in  Fig.  3  and  Fig.  4.  The  Curie  points  obtained  firotn  the  ac 
conductivity  measurements  are  in  full  agreement  with  the  Tc  values 
found  from  the  temperature  dependence  of  the  relative  dielectric 
constant. 

OC) 


X-ray  analysis  was  performed  with  Cu-Ka  radiation  to 
determine  the  lattice  parameters  of  the  unit  ceil.  PKN  has 
orthorhombic  crystal  structure.  All  phases  of  the  powder  diffraction 
pattern  could  be  attributed  to  the  PKN  composition.  The  lattice 
constants  were  found  to  be  a  =  17.792A,  b  =  18.096A  and  c  = 
3.867A  for  x  =  0.23  and  a  =  17.526A.  b  =  18.443 A  and  c  = 
3.898A  for  x  =  0.34.  These  are  comparable  to  the  ideal  PKN  values 
of  a  =  17.723A,  b  =  17.987A  and  c  =  3.895A  [5]. 

Density  (d)  measurements  are  also  obtained  and  showed  a 
departure  from  the  standard  PKN  with  x  =  0.20. 

CONCLUSION 

It  has  been  shown  that  by  mixing  the  two  ferroelectric 
compounds  lead  niobate  and  potassium  niobate  in  different 
proportions  a  whole  set  of  new  materials  can  be  obtained.  Some  of 
these  compositions  are  found  to  be  ferroelectric  in  nature  and  behave 
in  accordance  with  the  amount  of  potassium  doping  into  the  lead 
niobate.  The  new  materials  have  the  general  formula  of  Pbi.xK2j- 
Nb206.  Four  new  members  have  been  processed  with  values  of  x 
as  0.23,  0.34,  0.43  and  0.50.  The  densified  cerantic  samples  were 
characterized  and  it  has  been  found  that  the  first  two  are  ferroelectric 
while  the  other  two  are  not.  Results  for  PKN  with  x  =  0.23  and  x  = 
0.34  have  been  tabulated  in  Table  I  in  comparison  with  the  standard 
material  x  =  0.20. 


It  can  be  seen  that  at  room  temperature  the  values  of  Cf  and  o 
for  the  sample  with  x  =  0.34  are  higher  than  those  of  x  =  0.23.  This 
is  due  to  the  presence  of  a  small  peak  around  the  room  temperature. 

Efforts  are  underway  for  the  synthesis  of  bulk  single  crystals 
of  X  =  0.23  and  x  =  0.34.  Further  studies  are  needed  to  ascertain 
their  piezoelecnic  and  optical  properties  to  find  out  their  potential 
applications. 
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Abstract 

A  phase  transformation  from  pyrochlore  to 
perovskite  takes  place  during  the  firing 
of  Pb(Zn|/3Nb2/3)03  (PZN)  based  ceramics.  Stabiliza¬ 
tion  of  the  perovskite  phase  in  PZN  based  ceramics  is 
closely  related  to  the  type  of  additive  and  its  amount.  A 
thermodynamic  model  based  on  the  chemical  potential 
of  the  system  is  proposed  in  this  paper,  which  is  able  to 
give  account  to  the  stabilization  of  the  perovskite  phase 
in  terms  of  the  internal  stress  introduced  by  the 
additives. 

Introduction 

Pb(Zni/3Nb2/3)03  (PZN)  single  crystals  with  the 
perovskite  structure  can  be  grown  from  a  PbO  flux.'  It 
is  very  difficult  to  prepare  pure  PZN  ceramics  with  the 
perovskite  structure  by  conventional  ceramic 
processing.  The  product  obtained  by  a  two  step, 
columbite  route  via  Pb0+ZnNb20<  ,  is  a  mixture  of  a 
cubic  pyrochlore  phase,  Pb2ZnNb20g  and  PbO^. 
Perovskite  PZN  ceramics  can  be  prepared  by  the  addi¬ 
tion  of  ABO3  perovskite  compounds,  such  as 
BaTi03  (BT),  SrTi03  (ST),  PbTiOj  (PT)  etc.’'*  ’  The 
stabilization  of  the  perovskite  structure  in  PZN  based 
ceramics  is  directly  related  to  the  type  and  amount  of 
the  additives.  In  PZN— BT  system,  a  BT  content  of  6  to 
7  mol%  stabilizes  the  perovskite  structure,  while  in  the 
PZN-PT  system,  the  perovskite  phase  is  stabilized  only 
when  the  PT  content  exceeds  25  mol%.  The  minimum 
amount  of  various  perovskite  compounds  needed  to 
stabilize  the  perovskite  structure  in  PZN  by 
conventional  ceramic  processing  is  given  in  Table  I. 

Perovskite  additives  with  strong  ionic  bonding  and 
a  large  tolerance  factor  are  suggested  by  Halliya!  el. 
al®  to  be  favorable  to  the  stabilazation  of  the  perovskite 
phase  in  PZN  based  ceramics,  as  shown  in  Figure  1.  It  is 
clearly  evident  that  BT,  which  is  located  at  the  lop  right 
of  Figure  1,  is  the  most  suitable  additive  for  stabilizing 
the  perovskite  phase  in  PZN  based  ceramics.  However, 
from  Figure  1,  both  Ba(Zn,/3Nb2/3)03  (BZN)  and 
BaZr03  (BZ)  should  be  better  to  stabilize  the 
perovskite  phase  in  PZN  than  ST  which  is  in  the  left 
side  of  BZN  and  BZ.  However,  the  experimental  results 
are  in  contradiction.  The  performance  of  ST  is  inferior 
to  that  of  BT,  but  superior  to  those  of  BZN  and  BZ. 


TOLERANCE  FACTOR  (t) 

Fig.  1  Plot  of  electronegativity  difference  vs  tolerance 
factor  for  several  perovskite  compounds. 


In  the  present  work,  the  phase  transformation  of 
the  PZN  based  system  during  synthesis  is  discussed  on 
the  basis  of  thermodynamics  . 

Chemical  potential  and  stress 
In  thermodynamics,  the  definition  of  chemical  po¬ 
tential  /Tj  is  defined  as 

(^) 

dn  ^ 

which  means  the  change  rate  of  the  total  Gibbs  free  en¬ 
ergy  in  the  system  at  constant  temperature  and  pressure 
when  an  infinitesimal  amount  of  the  component  i  is  ad¬ 
ded  to  the  system  without  changing  the  number  of 
moles  of  the  other  components  j.  The  difference  in 
chemical  potential  is  the  driving  force  for  material  i 
to  change  from  one  phase  to  another. 

The  chemical  potential  of  component  i  is  related  to 
many  factors,  including  stress.  Evaluating  the  partial 
derivative  of  //;  with  respect  to  stress  we  find  that 

^dXdn/  ^  ^ 

Because  thermodynamic  functions  are  state  functions, 
the  second  order  derivative  does  not  depend  on  the  or¬ 
der  of  differentiation,  i.e. 

8'g  d'e 

dXdn  dndX 


CH.tOX()-()-7X().T  ()..16,S  'Pir.F.r. 
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Combining  Maxwell's  relation  (^)  =  — -JcCwhere  x 
is  the  strain),  eqn  (1)  then  yields, 

onfiX  on^  ‘ 

where  is  the  partial  molar  strain  of  component  i  un¬ 
der  constant  temperature  and  pressure.  In  the  range  of 
the  elasticity  of  materials,  may  follow  Hook's  law, 
-v;=/a'^  (3) 

where  s^  is  the  elastic  conpliance  of  phase  S  before  the 
concentration  of  component  i  changes,  expresses  the 

stress  caused  by  the  variation  of  the  concentration  of 
component  i  in  phase  <5. 

Substituting  eqn  (3)  into  eqn  (2),  and  integrating 
the  chemical  potential  with  respect  to  x  at  constant  tem¬ 
perature  and  pressure,  generates 

(T,p,n^) 

The  chemical  potential  of  the  material  in  a  phase  de¬ 
pends  on  whether  stress  is  introduced  into  the  phase.  At 
constant  temperature  and  pressure,  the  stronger  the 
stress  induced  by  component  i  entering  into  phase  5  ,  the 
lower  the  chemical  potential  of  component  i  in  phase  5  . 
It  means,  that  the  component  i  will  shift  continuously 
into  phase  5  until  the  stress  induced  by  component  i  in 
phase  5  becomes  zero. 

Phase  equilibrium  and  thermodynamics  in  PZN  based 
wramjcs 

Numerous  experimental  results  indicate  that,  either 
between  PbO  and  ZnNbjOj  or  among  PbO.  ZnO  and 
Nb205,  the  perovskite  phase  cannot  be  formed  by  solid 
state  reaction  under  general  presure.^’  The  process  of 
transformation  from  pyrochlore  to  perovskite  takes 
place  during  sintering  of  PZN  based  ceramics.  Figure  2 
shows  the  X-ray  diffraction  patterns  of 
0.95PZN-0.05BT  calcined  at  880  °C  (A)  and  fired  at 
1100  “C  (B).  The  relative  fraction  of  the  perovskite 
phase  of  calcined  0.95PZN -0.05BT  is  only  about  5%, 
while  the  relative  fraction  of  the  perovskite  phase  of 
fired  0.95PZN-0.05BT  is  85%.  From  the  evidence  it  is 
suggested; 

During  the  solid  state  reaction,  additives  to  stabi¬ 
lize  the  perovskite  phase  in  PZN  based  ceramics  should 
initiate  formation  of  perovskite  sub-grains.  These 
perovskite  sub-grains  are  surrounded  by  a  number  of 
pyrochlore  and  PbO  particles.  The  perovskite 
sub-grains  grow  constantly  with  time,  while  the 
pyrochlore  and  PbO  particles  become  continuously 
smaller,  and  eventually  disappear. 

At  constant  temperature  and  pressure,  the  tendency 
for  material  i  to  shift  spontanously  from  phase  P  to 
phase  S  depends  on  material  i  having  a  lower  chemical 
potential  in  phase  d  than  in  phase  i.e. 
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Fig.  2  XRD  patterns  for  0.95PZN-0.05BT  specimen 
calcined  at  880  °(A)  and  fired  at  1 100  “C  (B). 
o  —  Perovskite,  x  —  Pyrochlore. 
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The  flow  of  material  will  stop  automatically  when 
li‘  —  .  Eqn.  (4)  indicates  that  the  chemical  potential 

of  material  i  in  a  phase  is  dependent  on  whether  one  in¬ 
troduces  stress  in  the  phase. 

The  sintering  process  of  PZN-BT  ceramic  can  be 
analyzed  using  this  model.  During  initial  process  of 
sintering,  there  are  introduction  of  Pb^"^.  Zn^"^. 

Nb**  and  0^~into  BT  sub-grain.  As  A— site  ions  in 
perovskite,  the  radius  of  Pb^"^  (1.63A)  is  smaller  than 
that  of  Ba^"^  (1.74A).  That  Pb^'^  relocates  at  A-sile 
of  BaTiOj  lattice  may  make  the  lattices  contract  and 
distort,  thus  causing  stress  in  BaTi03  lattice.  According 
to  eqn.  (4),  in  BT  perovskite  phase,  Pb^"^  will  have  low¬ 
er  chemical  potential,  so  there  are  constantly  net  Pb^"^ 
ions  relocating  on  BT  sub-grains.  There  exist  vacancies 
in  BT  sub-grains,  especially  at  the  surface.  The  ion  den¬ 
sity  difierence  and  the  stress  caused  by  lattice  distortion 
may  make  Ba^"^  diffuse  outward,  and  Pb^"^  diffuse  in¬ 
ward.  Similarly,  as  B-site  ion  in  perovskite,  the  radius 
of  Zn^"^  (0.89A)  is  larger  than  that  of  Ti^"^  (0.75A),  so 
the  relocation  of  Zn^‘'’at  sub-grain  BT  may  distort  lat¬ 
tice  and  introduce  intrinsic  stress  too.  Thus  Zn^"^  will 
constantly  relocate  at  B-site  on  the  surface  of  BT  grain 
according  to  equ.  (4).  As  the  B-site  ion,  the 
electrovalence  of  Zn^^  is  low.  In  order  to  maintain 
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electro-neulralily,  there  are  net  Nb^  ions  relocate  at  B 
site  of  r  sub— grains.  Diffusion  will  occur  among 
Zn^"^.  Nb*^  and  Ti*^.  When  no  distortion  of  lattice  can 
be  caused  by  transitions  of  Pb^"*^  and  Zn^^  in 
oerovskite  phase,  the  chemical  potentials  of  Pb^^  and 
Zn^"^  in  perovskite  and  pyrochlore  tend  to  equilibrium. 
There  are  not  any  net  Pb^"^,  Zn^"^  entering  perovskite 
phase.  Thermodynamical  equilibrium  is  achieved  be¬ 
tween  perovskite  and  pyrochlore.  If  a  complete  layer  of 
Pb(Zn,/3Nb2/3)03  extends  from  the  perovskite 
sub-grain,  the  growth  of  the  perovskite  grain  due  to  the 
disappearence  of  the  pyrochlore  phase  will  cease.  The 
inference  accords  with  the  experiments.  The  stabiliza¬ 
tion  of  the  perovskite  phase  in  PZN  based  ceramics  is 
closely  related  to  the  additive  content  and  type. 

Thus,  in  PZN  based  ceramics,  the  effect  of 
additives  stabilizing  perovskite  phase  is  closely  related 
to  the  radius  ratios  of  Pb^'^.  Zn^^  and  Nb*"^  at 
A-sites  ,  B-sites  respectively.  The  more  that 
deviates  from  1,  the  stronger  the 

stabilization.  Table  I  lists  the  values  of  r  /  r  .,2,  and 

A  ro 

’'m  ^  of  some  additives. 

When  each  r.  /  n,  2*  of  addiiives  is  same, 

B  -Zn  i-  -Nb 

the  size  of  the  A-site  ion  in  an  additive  determines  the 
amount  of  the  additive  needed  to  stabilize  the  perovskite 
structure  in  PZN  based  ceramics.  For  instance,  if  the 
B-site  ions  ia  additives  are  Ti^^  when  r  ^  /  r  ^,^1* 

=  1.067  (BaTi03),  the  minimum  amount  is  6-7  mol%; 
when  ’’ X =  1.058  (SrTi03),  the  minimum 
amount  is  9-10  mol%;  while  if  r ^  /  r =1.000 
(PbTi03),  the  minimum  amount  increases  to  25-30 
mol%.  When  each  r ^  of  additives  is  same,  the 

size  of  the  B-site  ion  has  a  smaller  effect  on  the  amount 
of  an  additive  needed  to  stabilize  the  perovskite  struc¬ 
ture  in  PZN  based  ceramics.  For  example,  the  minimum 
amount  of  Ba(Zn,/3Nb2/3)03  is  15  mol%,  while  the 
minimum  amount  of  BaZr03  is  15-18  mol%. 

In  the  perovskite  structure,  diffusion  is  easiest  for 
O  site  ions,  then  the  A-site  ions,  and  most  difficult  for 


B-site  ions.  If  PbTiOs  is  selected  as  an  additive,  accord 
ing  to  the  assumption  mentioned  above,  the  expansion 
of  the  perovskite  phase  in  PZN  based  ceramics  during 
the  sintering  process  will  depend  on  the  diffusion  of 
B-site  ions  only.  Since  the  diffusion  of  B-site  ions  is 
relatively  difficult,  the  growth  of  perovskite  grains  is  re 
stricted,  and  more  PT  is  needed  to  stabilize  the 
perovskite  phase  in  PZN  based  ceramics. 

Summery 

The  additives  that  stabilize  the  perovskite  phase  in 
PZN  based  ceramics  are  those  materials  which  can  initi¬ 
ate  formation  of  perovskite  sub— grains.  The  radius  ratio 
(r^  /  r )  is  an  important  criterion  for  stabilization 
of  the  perovskite  phase  in  PZN  based  ceramics.  The 
larger  the  deviation  of  form  1,  the  better 

the  stabilizing  effect  of  the  additive. 
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Additive 

Amount 
(mol%)  * 

BaTi03 

1.067 

0.912 

6-7 

SrTiOj 

0.945 

0.912 

9-10 

PbTi03 

1.000 

0.912 

25-30 

BaZr03 

1.067 

1.053 

15-18 

BafZn  1  /  3Nb2  /  3)03 

1.067 

1. 000 

15 

PbZr03 

1.000 

1.053 

55-60 
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Abstract:  Dielectric  properties  of  bismuth 
layer  type  ceramics  with  lanthanum  and  nickel  co¬ 
substitutions  Bi2(Pb  j_jjLa^)(Nb2.j5y3  Ni^/3)OQ  are 
presented.  Above  the  Curie  temperature,  the 
dielectric  constant  decreases  at  a  rate  that  can 
approximately  be  described  by  the  quadratic  law  of 
Smolensky  showing  relaxor  behavior.  At  room 
temperature,  the  dielectric  constant  and  loss  tangent 
of  the  new  materials  are  all  higher  than  those  of  the 
parent  BPN.  High  resistivity  and  break-down  strength 
make  these  materials  very  attractive  for  applications 
such  as  a  high  voltage  ceramic  capacitor  dielectric. 


The  ferroelectric  compound  Bi2PbNb209  is 
a  member  of  a  family  of  bismuth  layer  type 
compounds,  the  general  formula  of  which  is 
(Bi202)^'^(A^.jBf,03p.^.j)^",  where  A  can  be  mono-,  di-, 
or  trivalent  ions  or  a  mixture  of  them,  B  represents 
Ti'*'^,  Nb^"^,  Ta^"^,  etc.,  and  n  (=2, 3, 4, 5)  is  the  number 
of  perovskite-like  layers  of  oxygen  octahedra  between 
Bi202  layers  ^ 

In  the  parent  Bi2PbNb209  (BPN,  n=2),  Pb^"*" 
and  Nb^"^  can  be  co-substituted  by  La^"*"  and 
Ni^  resulting  in  a  kind  of  layer  type  ceramic, 
Bi2(Pb].^La^)(Nb2.;u/3Nij5/3)OQ  (0<x<l).  The  tolerance 
factors  t  of  the  substituted  materials  are  lie  in  the 


range  0.81-0.93A  (n  =  2),  which  are  the  limits  of  t  for 
the  perovskite-like  units  of  bismuth  compounds  with 
layer  type  structure^.  The  vacancies  are  avoided  in 
the  lattice  sites  to  improve  the  slructore  stability 
of  bismuth  layer  type  ceramic.  Structures  and 
dielectric  properties  of  the  new  ceramics  were 
studied. 


2. Preparation  and  Microstructure 

The  value  of  x  in  ®'2('^*’l-x^x) 
(^*’2-x/3^*x/3)®9  chosen  as  0,  0.25,  0.5,  0.75, 
1.0,  and  five  compositions  were  selected  for  the 
present  study  (listed  in  Table  1).  Samples  were 
prepared  by  a  solid  state  reaction,  using  the  chemical 
reagents  PbO,  La203,  Nb205,  NiO  and  81263  ^  starting 
materials.  They  were  calcined  at  725°C  for  2  hours, 
then  sintered  in  a  covered  alumina  crucible  between 
IO6OOC  and  II20OC  for  1  hour. 

SEM  pictures  of  the  materials  (Fig.l)  show 
that  the  grains  are  flakes  with  an  average  diameter 
about  2  pm  and  a  thickness  0.9  pm.  The  phase  of  the 
sintered  products  was  identified  by  X-ray  diffraction 
powder  techniques  using  Cu  Ko  radiation.  The  XRD 
patterns  show  that  the  lanthanum  and  nickel 
substituting  materials  have  the  same  structure  as  the 
parent  BPN  ceramics.  The  ceramic  disks  used  for 
dielectric  measurement  had  over  95  per  cent 


Table  1.  Dielectric  constant  of  Bia(Pb,_„Lia«)(Nba-,/3Ni„/a)Oo 


Abbrev,  Composition  x  k(26°C)  tg  6  Tc(®C)  A  ■nn(‘0) 


BPN  BiaPbNbaOa  0  140  0.008  662 


BPLNN(0.26)  BiaCPbo.TaLao.ao)  0.26  216  0.036  466 

(Nbt.oaNio.oe)Oa 


BPLNN(0.6)  BiaCPbo.aLao.a)  0.6  206  0.028  322  16 

(Nbi .  saNio .  17)0* 


BPLNN(0.76)  BiafPbo.aoLao.To)  0.76  186  0.027  166  12 

(Nbi .  ToNio.  ao)0® 


BLNN  BiaLa(NlH.avNio.aa)Oe  1  166  0.020  —  12 


*  ATm=Tin(100KHz)-Tm(2KHz). 
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theoretical  density. 


Fig.  1  :SEM  picture  of  Bi2(Pbo_75La0.25)^^  1 .92^'0.08)^9 

3. Dielectric  properties 
Dielectric  constant  and  loss 

Strong  frequency  dispersion  was  observed  in 
the  temperature  dependences  of  the  dielectric  constant 
and  loss  tangent  of  these  samples  (Fig. 2).  At 
temperatures  higher  than  T^,  the  inverse  dielectric 
constant  1/k  obeys  quadratic  law  of  Smolensky^: 
l/k=  1/k  The  values  of  n  lie  in  the  range 


Temperature  (°C) 


2.12  to  2.74.  The  temperature  difference  between  the 
T„  measured  at  2KHz  and  lOOKHz  reaches  12°C-16°C 
(listed  in  Table  1)  and  gives  an  estimation  of  the 
diffused  characteristic  of  transition. 

With  increasing  x,  the  Curie  temperature  of 
Bi2(Pb  i.^La  J(Nb2-x/3N'x/3)09  decreases  and  the 
dielectric  constant  peak  broadens.  Therefore,  at  room 
temperature,  the  dielectric  constant  and  loss  tangent 
of  the  substituted  materials  are  all  higher  than  those 
of  the  parent  BPN,  as  listed  in  1.  Because  of 

the  internal  stress  and  composition  fluctuation 
broadened  peaks  were  evident  in  the  temperature 
variation  of  the  dielectric  constants  of  BPLNN(0.75) 
and  BLNN  samples,  which  show  that  a  low  temperature 
diffused  phase  transition  (DPT)  was  presented  (Fig. 2). 

Hysteresis 

Using  a  resistance-compensation  Sawyer-Tower 
circuit,  a  hysteresis  loop  was  observed  in  BPLNN(0.25) 
between  100°C  and  180°C  (Fig. 3).  The  coercive  force 
E(,  of  BPLNN  (0.25)  decreases  significantly  from  9  Mv/m 
of  the  parent  BPN  to  7.5  Mv/m  at  160°C.  The  maximum 
polarization  was  approximately  0.098c/m^  and  the 
estimated  spontaneous  polarization  was  about  0.085 


Temperature  (°C) 


(a)  BPLNN(0.25) 


Temperature  (°C)  Temperature  (°C) 

(b)  BPLNN(0.5) 
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(c)  BPLNN(0.75) 


Temperature  (°C) 

(d)  BLNN 

Fig. 2;  Temperature  dependences  of  dielect 
of  Bi2(Pbi.jLax)(Nb2.x/3N'x/3>®9 


:  constant  and  loss  tangent 
ceramics 


c/m^.  With  increasing  x,  the  ferroelectric  behaviors 
of  the  substituted  bismuth  layer  type  materials  become 
more  and  more  weak,  and  hysteresis  loops  were 
difficult  to  detect  in  BPLNN(0.5),  BPLNN(0.75)  and 
BLNN  samples. 


Fig. 3:  Hysteresis  loop  of  BPLNN(0.25)  ceramic  at  160°C 
(x:  8.25  Mv/m/div,  y:0.061c/m  ^/div) 


Resistivity  and  break-down  strength 

The  resistivities  of  all  the  bismuth  layer 
type  materials  are  in  the  range  of  10^ ^-lO^^ohm.m, 
which  are  higher  than  that  of  the  parent  BPN.  The 
valence  compensated  co-substitution  of  the  La^"''  and 

Ni^"*"  for  the  Pb^'*’  and  Nb^"*”  are  thought  to  be 
responsible  for  the  improvement  of  the  resistivity. 

Because  of  the  dense  packing  of  small  flaky- 
like  grains  of  the  materials,  the  break-down  strength 
of  all  the  samples  under  DC  voltage  is  very  high 
(higher  than  30  Mv/m),  which  is  very  attractive  for 
applications  such  as  high  voltage  ceramic  capacitor 
dielectrics. 

4.Summary 

(1)  The  lead  and  niobium  ions  in  the  bismuth 
layer  type  parent  material  Bi2PbNb209  can  be  partially 
and  completely  co-substituted  by  lanthanum  and  nickel 
ions  within  the  layer  structure. 

(2)  The  Curie  temperature  and  coercive  force 
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of  the  substituted  materials  are  all  lowered  due  to 
the  substitution.  The  substituted  materials  are 
ferroelectric  relaxors. 

(3)  The  dielectric  constant  and  resistivity  of 
the  co-substituted  materials  at  room  temperature  are 
all  higher  than  the  parent  material.  The  break-down 
strength  of  the  materials  is  high,  making  these 
materials  very  promising  for  capacitor  dielectrics. 
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ABSTRACT 

Nanophase  ferroelectric  PbTiOjfPT)  fine  powders  are 
prepared  through  sol-gel  and  hydrolysis-aging 
processes.  The  lattice  constants  and  grain  size  are 
determined  by  XRD  analysis.  The  phase  transition  is 
examined  by  DSC  analysis  with  different  heating 
rates.  The  relation  of  onset  temperature  to  grain 

size  is  obtained.  Results  indicate  that  the  grain 
size  is  in  the  range  of  10-100  nm,  the  phase 
transition  temperature  is  lower  than  that  of  bulk 
material,  and  the  transition  region  is  broadened.  The 
small  grain  size  and  surface  electric  charge 
compensation  are  accounted  for  the  reduction  of  phase 
transition  temperature,  and  the  former  may  dominate. 
The  distribution  of  particle  size  may  be  responsible 
for  the  broadening  of  the  phase  transition.  The  phase 
transition  of  PT  fine  powders  is  compared  with  the 

diffused  phase  transition  (DPT)  in  relaxor 

ferroelectrics.  The  nm  structure,  nm  transition  and 
critical  size  of  fine  powders  are  discussed. 

1 .  INTRODUCTION 

Recently,  studies  on  fine  particles,  especially  the 
nanometer  (nm)  particles,  are  very  active.  The 
nanosized  metals,  oxides,  carbonides,  nitrides, 

compound  semiconductors,  etc.,  have  been  success¬ 
fully  prepared  by  various  methods.  Investigations  on 
their  electric,  thermal,  optical,  and  mechanical 
properties  have  been  reported. 

Because  of  the  multi-elements  of  chemical  composition 
and  high  crystallization  temperatures,  it  is  very 
difficult  to  prepare  nanosized  ferroelectric 
particles  through  conventional  ceramic  method. 

However,  the  studies  of  ferroelectric  nanophase  in 
bulk  materials  may  be  traced  to  the  early  fifties, 
when  Kanzig  observed  the  nanosized  polar  region  at 
temperature  slightly  higher  than  the  Curie 
temperature.  The  polar  region  now  is  called  Kanzig 
region,  which  has  a  size  of  10-100  nm^.  Later  on,  the 
researches  on  diffused  phase  transition  micro¬ 
macro  domain  transition  ^  all  adapted  to  this 
concept. 

The  grain  sizes  of  several  ferroelectric  powders  are 
listed  in  Table  1,  where  the  grain  sizes  are  in  the 
range  of  Kanzig  region  except  for  the  PZT  powders. 

The  phase  transition  temperature  of  PbTiOj  fine 
powders  has  been  observed  shifting  to  a  lower 
temperature  compared  to  bulk  materials  (  T^  =  490  °C 


)  by  K.  Ishikawa  et  al.  using  high  temperature  laser 
Raman  spectrum  which  was  accounted  for  the 
depolarization  effect,  as  Betra  et  al.  did  in  thin 

films.‘7-J8 

Table  Grain  sizes  of  fine  ferroelectric  powders 


Material 

Grain  size  preparation 

minimum  methoj 

measurement 

Ref. 

PbTiO^ 

12nm 

coprecipitat . 

)  XRD 

12 

PbTiOj 

22nm 

precipitation 

XRO 

13 

BaTiOj 

36nm 

milling 

light  beatingl4 

PZT 

8 . 7nm 

prec ipitat ion 

XRD 

15 

PLZT 

I6nm 

coprecipitation  / 

16 

It  seems 

that  the 

phase  transition 

of  nanosized 

fine 

powders  is  still  unclear  in  the  following  aspects: 
characteristics  of  phase  transition,  relation  between 
the  phase  transition  and  the  powder  size 

distribution,  and  effect  of  nanosized  crystalline 
structure. 

In  this  paper,  the  sol  gel  and  hydrolysis-aging 
processes  are  used  to  prepare  PbTi0  3  fine  powders 
with  nanosized  grains.  The  phase  transition  of 

different  grain  sizes  are  investigated  by  DSC 
analysis  with  different  heating  rates.  The  relation 
of  specific  heat  vs.  temperature  is  observed.  The 
crystalline  lattice  constants  and  grain  size  are 
determined  by  XRD  patterns.  The  nm  structure,  nm 
phase  transition,  and  critical  size  of  nm 
ferroelectric  particles  are  discussed. 

2.  EXPERIMENTAL 

Two  steps  were  used  to  prepare  the  nanophase 
ferroelectric  PbTiO^  fine  powders.  First,  preparation 
of  Pb,  Ti  complex  alkoxide;  Second,  Pb,  Ti  complex 
alkoxide  hydrolyzed  in  a  basic  solution,  and  fired  at 
a  temperature  of  about  600  ®C. 

The  method  using  lead  acetate  and  titanium  butoxide 
is  used  to  prepare  the  Pb,  Ti  complex  alkoxide.  Lead 
acetate  [  Pb(CH  3COO)  2'3H20  ]  is  dissolved  in 

ethyleneglycol  monoethyl  ether  [  C2H5OC2H4OH  ], 
heated  to  125  to  remove  water,  then  cooled  to  100 
®C.  Titanium  butoxide  [  Ti(OC4Hg)4  ]  then  added  at 
this  stage.  A  gold  colored  Pb,  Ti  complex  alkoxide  is 
obtained  after  the  solution  is  reheated  to  a 

temperature  of  135  °C  or  so. 

The  Pb,  Ti  complex  alkoxide  is  diluted  in  ethanol 
alcohol  [  C2H5OH  ]  (or  iso-propyl  alcohol  [ 
(CH3)2'CH0H  ],)  and  dropped  into  a  basic  solution 


CH3()80-()-7803-0465-9/92$.T(X)®IEEE 
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(ph  =  11.5)  mixed  with  water  and  ethanol  alcohol.  The 
ratio  of  water  to  alkoxide  is  about  4-6  :  1.  After 
stirred  for  5-10  hours  at  room  temperature, 
hydrolyzed  solution  is  kept  in  a  glass  tube,  and  aged 
for  20-30  hours  at  60-80  °C.  The  gel  like  material 
then  dried,  crushed,  sieved,  and  fired  at  600  °C  for 
5  minutes  to  2  hours.  The  powders  obtained  is  light- 
yellow  in  color. 

XRD  was  analyzed  by  RIGAKU  D/MAX-RB,  calibrated  with 
polycrystalline  silicon  powders.  Particle  size 
distribution  was  taken  by  HORIBA  CAPA-700.  Thermal 
analysis  was  completed  with  a  PERKIN-ELMER  DSC-7. 


D  =  kVfpcosO)  (2) 

where  D  is  the  grain  size  in  diameter,  k  the 
Scherrer’s  constant!  k=0.9  for  FWHM),  X  the  X-ray 
wavelength  ,  p  the  FWHM  of  a  diffraction  peak,  9  the 
diffraction  angle,  the  gram  sizes  obtained  are 
listed  in  Table  2.  The  Cauchy-Cauchy ,  Gaussian- 
Gaussian,  and  Cauahy-Gaussian  methods  are  used  to 
evaluate  the  distortion  of  crystalline  structure,  the 
results  is  shown  in  Table  3. 

Table  2  The  grain  aizes  of  a  few  peaks  of 
PT  powders 


(1).  Panicle  size  distribution 

Particle  size  distribution  of  PbTi03  powders  was 
taken  from  CAPA-700,  with  a  rotating  rate  of  3000 
rpm,  the  bulk  density  of  PbTiOj  7.90  g/cm^  was  used 
as  the  density  of  powders.  The  distribution  of 
particle  sizes  is  shown  in  Fig.l.  The  median  size  is 
300  nm,  with  a  std.  dev.  of  180nm. 


0 (micron) 


NO. 

h 

k 

1 

D(H,G) (nm) 

D(H,C) (nm) 

k 

1 

1 

0 

1 

41.7 

38.4 

0.9 

2 

1 

1 

1 

51.2 

45.2 

0.9 

3 

2 

0 

0 

44.7 

40.8 

0.9 

4 

2 

0 

2 

28.1 

27.6 

0.9 

5 

3 

1 

1 

37.2 

35.5 

0.9 

6 

3 

1 

2 

33.8 

50.4 

0.9 

Table 

3 

The 

distortion  of  crystalline 

structure  of  PT  powders 


Method 

Grain  size 

(nm) 

lattice 

distortion 

Cauchy-Cauchy 

66.1  (Gaussian) 

0.09% 

36.9  (Cauchy) 

-0.00% 

Gauss ian-Gau8Bian 

46.3 (Gaussian) 

0.13% 

35 . 7 (Cauchy) 

-0.03% 

Cauchy-Gausaian 

48. 1 (Gaussian) 

0. 10% 

39.4 (Cauchy) 

0.07% 

Fig.l  Particle  size  distribution  (in  volume)  of 
PbTiO  3  powders. 

(21.  Particle  size,  grain  size  and  lattice  constants 

To  obtain  the  lattice  constant,  polycrystalline 
silicon  powders  are  used  to  correct  the  diffraction 
peaks.  The  calibrated  peaks  of  polycrystalline 
silicon  powders  are  (111),  (220),  (400),  (511), 
(531),  (533).  A  calibration  formula  of  the  full  width 
of  half  maximum  (FWHM)  is 


Then  the  least  square  method  is  used  to  calculate  the 
lattice  constants.  The  results  are  a  =  b  =  3.093  A, 
c  =  4.142  A,  with  a  standard  derivations  of  0.001  and 
0.003  respectively.  The  c/a  ratio  is  1.061,  which  is 
smaller  than  that  of  bulk  material  (a  =  b  =  3.899, 
c=4.1532c/a=  1.0652). 20 

From  the  XRD  results  we  can  conclude  that  the  lattice 
distortion  of  PbTiO 3  fine  powders  is  very  small,  the 
crystalline  structure  of  nanosized  fine  powders  seems 
still  jjerfect. 


(26)^=  0.11203  -  8.01462  x  lO''^  (2e)n,  -(- 

1.18958x10-5(20)^2  (jj 

where 

(20)^  —real  20  value. 

(20)^ —measured  20  value. 

After  slowly  scanning  several  selected  peaks  of 
(101),  (111),  (200),  (202),  (311),  and  (312)  of 
PbTiO 3  powders,  separating  the  k<xj,  kjj2  peaks, 
correcting  these  peaks  with  calibrated  formula,  and 
according  to  the  Scherrer’s  formula 


(3).  DSC  analysis 

The  DSC  analysis  of  PT  powders  with  various  grain 
size  is  performed  for  the  above  sample  with  different 
heating  rates.  The  results  are  shown  in  Fig. 2  and 
Fig. 3.  A  relation  between  the  onset  temperature  and 
grain  size  D  is  demonstrated  in  Fig. 4. 

The  apparent  activation  energy  of  phase  transition  E 
obtained  from  the  Arrhenius  depiendence  2* 

kf,  =  V  exp  (-E/(RT  pe^))  (4) 

is  about  308.6kJ/mol.  Here  kj,  is  the  heating  rate. 


.">86 


5 


cryitallizaiion. 


Fig. 2  DSC  curves  with  different  heating 

rates. 


a.  specific  heat  of  PbTiO,  / 


b.  cumulative  area 
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Fig. 3  Specific  heat  of  PT  fine  powders. 


Fig. 4  Relation  of  onset  temper;,  ure  vs.  grain 
size. 


Tpeak  is  ii'®  peak  temperature,  v  the  frequency 
factor.  The  transformation  heat  is  about  0.92  kJ/mol. 
For  the  crystallization  process  of  PZT  powders,  heat 
transformation  is  4.6  kJ/moI,  E  is  309.6  kJ/mol.  It 
seems  that  the  transformation  heat  of  phase 
transition  is  much  smaller  than  that  of 


(4) .  The  nm  structure  gf  PbTiOj  fine  powders 

Considering  the  calculated  value  of  peak  (111)  51.2 
nm  (Table  2).  and  the  median  particle  size  of  300  nm 
(Fig.l),  it  seems  that  a  particle  may  consist  of 
about  2-9  grains.  The  grains  may  agglomerate  to  a 
powder,  and  there  are  lots  of  surfaces  exposed  to  the 
surrounding.  It  is  obvious  that  the  agglomerate 
structure  is  difficult  to  be  dispersed.  Sometimes 
electronic  beam  can  disperse  the  agglomerate  into 
crystallites  during  the  TEM  observation. 

(5) .  Phase  transition  syf  finE  powders  with  nanosized 
grains 

The  endothermal  peaks  of  DSC  curve  suggests  that 
there  is  a  latent  heat  involved,  which  means  that  the 
phase  transition  is  of  first-order.  However,  because 
the  specific  heat  vs.  temperature  showes  a  gradual 
change  (Fig. 3),  it  seems  that  there  is  the 
characteristic  of  second-order  phase  transition.  It 
might  suggest  that  the  phase  transition  is  diffused 
here. 

(a).  Decrease  of  the  Curie  temperature  T^, 

Because  the  grain  size  is  in  the  range  of  Kanzig 
region  (10-100  nm),  and  c/a  ratio  is  smaller  than  the 
value  of  bulk  material,  the  polarization  value  may  be 
less  than  that  of  a  bulk  crystal,  as  occurred  in  the 
diffused  relaxor  ferroelectrics  This  phenomenon  has 
been  observed  in  PT,  PLT,  PLZT  and  other  thin 
films,22-24  (PT-  p^=io,59  uC/cm  ^  ,  tn,  =  115;  PLT: 
Ps=11.4  uC/cm^,  t  jn=115;  PLZT:  P5=14.7  uC/cm  2, 
t^  =  450),  where  the  grain  sizes  ate  also  in  the  range 
of  Kanzig  region.  But  for  PT  single  crystal,  Ps  =  75 
uC/cm  rj^  =  200;  PLZT  ceramic.  Ps  =  22  uC/cm 
e,„  =  13,000.  Betra  et  al.  accounted  for  this  result  by 
means  of  the  depolarization  field*  compensating 
the  polarization  to  the  electrodes.  Although  free 
electric  charges  may  exist  on  the  surfaces  of  the 
grains,  the  small  grains  with  smaller  polarization 
vector  may  dominate  the  lowering  of  the  Curie 
temperature.  For  a  smaller  polarization  vector,  the 
elastic  Gibbs  free  energy 

G  =  Gq  -I-  1/2  ap2  -t-  1/4  bP**  -I-  1/6  cP^  (5) 

where  G^ — free  energy  of  paraelectric  phase 
a,  b,  c — constants 

will  be  small,  and  can  be  easily  overwhelmed  by  the 
thermal  energy  of  phonons.  So  at  temperatures  lower 
than  the  Curie  temperature  T^.  of  the  bulk  materials, 
the  ferroelectricity  will  partially  disappear,  and 
part  of  ferroelectric  crystallites  will  be  changed 
into  paraelectric  ones. 

On  the  other  hand,  the  absorbed  surface  electric 
charges  could  compensate  the  polarization,  if  a  grain 
is  a  crystallite.  Assuming  the  surface  charge  density 
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is  iij,  the  effective  polarization  intensity  could  be 
written  as 

Peff  =  P-2ens  (6) 

The  compensation  will  further  lead  to  the  reduction 
of  polarization  and  the  free  energy  of  ferroelectric 
phase.  The  phase  transition  temperature  will  be 
reduced  as^^ 


at  =  21C/(eD)  (7) 

where  1— thickness  of  surface  layer 
C— Curie-Weiss  constant 
t— relative  dielectric  constant 
D — grain  size 

Then,  we  can  obtain  that  the  reduction  of  phase 

transition  temperature  is  related  to  the  grain  size. 

(b) .  Broadening  of  the  phase  transition 

The  broadening  of  phase  transition  of  PbTi0  3  fine 
powders  may  be  from  the  size  distribution  of  the 

powders  (Fig.l).  Since  the  reduction  of  phase 
transition  temperature  T^  is  related  to  the  grain 

size  D,  the  distribution  of  powder  size  will  result 
in  the  distribution  of  T^  ,  hence  the  phase 
transition  peak  of  DSC  curves  will  be  broadened. 

(c) .  Comparison  with  the  DPT  in  relaxor  ferro- 

electrics 


The  phase  transition  here  differs  from  that  in 
relaxor  ferroelectrics  in  following  aspects;  first, 
the  distribution  of  T^,  originated  from  different 
mechanisms,  for  PT  fine  powders,  is  the  distribution 
of  particle  size  and  grain  size,  and  for  DPT  relaxor 
ferroelectrics,  is  the  fluctuation  of  the  composition 
(in  PMN).  Second,  the  reduction  of  phase  transition 
temperature  is  from  size  reduction  and  charge 
compensation  of  PT  grains,  while  for  relaxor 
ferroelectrics,  is  from  the  different  B-site  ions 
compiosition. 


(61.  Critical  sizg 


nm  particles 


The  critical  size  of  ferroelectric  phase  evaluated  by 
F.  Glasse  in  bulk  materials  was  about  6.4  nm.^^  The 
experimental  value  of  polar  region  is  10-100  nm  in 
BaTiOj^,  5  -  30  nm  in  PLZT.^^  Ishikawa  obtained  that 
the  critical  size  of  ferroelectric  size  is  12.6  nm. 
The  critical  size  cannot  be  obtained  according  to 
relation  of  onset  temperature  vs.  grain  size  in 
Fig. 4,  although  the  minimum  grain  size  is  16.4  nm. 
Since  the  particle  size  of  precursor  of  PbTi0  3 
crystallites  is  about  500  nm,^°  the  lower  thermal 
heat  treatment  temperature  will  lead  to  a 
insufficient  of  crystallization,  which  will  affect 
the  XRD  patterns. 
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AMORPHIZATION  OF  BULK  AND  THIN  FILM  PLZT  MATERIALS  BV  1.5  MeV  KRYPTON 
ION  IRRADIATION  WITH  in  silu  TEM  OBSERVATION 
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Department  of  Geology  and  Center  for  High  Technology  Materials 
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PI /T  (lanthanum  modified  lead  zirconate-iitanate)  materials  for  high  performance  elec  rical  and 
optical  non-volatile  memory  device  may  encounter  high-level  irradiation  environment  either  during 
ion-beam  assisted  device  fabrication  process  or  in  service.  It  is  especially  important  to  understand  the 
critical  irradiation  conditions  under  which  PLZT  material  become  amorphous,  because  this  will  result 
111  the  loss  of  ferroelectricity  in  the  material  and  the  memorv  in  the  device 

In  this  study,  transmission  electron  microscopy  (TEM)  samples  prepared  from  boih  bulk  and  thin  film 
PI  ZT  materials  have  been  irradiated  with  1.5  MeV  krypton  ions  at  various  tempe'.tures  in  the 
IIVEM-Tandem  Facility  at  Argonne  National  Laboratory.  In  situ  TEM  observation  was  performed 
during  irradiation,  which  made  the  determination  of  the  critical  amorphization  dose  possible  At 
room  temperature,  a  PLZT  9/65/35  ceramic  sample  was  found  to  become  completely  amorphized  after 
a  dose  of  -;xlO'^  ions/cm^,  much  less  than  the  critical  amorphization  dose  for  silicon  The  sputter- 
deposited,  fine-grained  PLZT  thin  film  took  even  smaller  dose  to  become  amorphous  However,  at 
450'C,  the  upper  temperature  limit  for  the  material  to  retain  its  desirable  physical  properties,  the 
PLZT  9/65/35  was  not  amorphized  even  after  a  dose  of  I.lxl0‘^  ions/cm^.  The  results  will  be 
discussed  with  a  recent  model  for  ion-beam  induced  amorphization  of  ceramic  materials 


Introduction 

Ferroelectric  PLZT  [(Pb,La)(Zr,Ti)03  or  lanthanum  modified  lead 
zirconate-titanate]  in  bulk  or  thin  film  form  can  be  used  for 
various  device  applications  including  non-volatile  memories  (11, 
piezoelectric  transducers,  pyroelectric  sensors,  spatial  light 
modulators  [21,  and  optical  image  storage  (31.  In  order  for  PLZT 
materials  to  have  these  useful  properties,  the  material  must  possess 
the  correct  chemical  composition  and  crystal  sbucture.  For 
example,  PL.ZT  films  deposited  below  certain  substrate 
temperatures  by  sputtering  or  solution  coating  methods  frequently 
are  either  amorphous  or  with  the  pyrochlore  structure.  These 
films  do  not  exhibit  ti.e  Pockels  or  Kerr  .'ffect  and  are  not  useful 
for  electrooptic  applications.  On  the  otner  hand,  radiation  damage 
caused  by  ion  implantation  in  PLZT  material  may  gteatly  enhance 
the  photosensitivity  of  the  photo-ferroelectric  effect  13].  Such 
observations  suggest  that  variations  in  ferroelectric  property  of 
PLZT  may  be  caused  by  variations  in  composition,  crystal 
structure,  dopant  level  and  defect  structure.  Land  and  Peercy  (3) 
have  noted  that  a  damaged  thin  layer  of  a  few  hundred 
nanometers  beneath  tb>'  surface  of  bulk  PLZT  may  be  created  by 
ion  implantation  using  ion  beams  cf  the  energy  200  to  500  keV. 
Depending  on  the  io  i  beam  energy,  this  thin  layer  may  not  have 
the  pvrovskite  structure  and  thus  not  be  electrooptic.  However, 
this  thin  layer  apparently  can  enhance  the  photosensitivity  of  the 
Optical  storage  capability  of  the  bulk  device.  Still,  there  has  been 
little  detailed  study  of  the  structure  of  the  ion  beam  damaged 
layer  in  Pl.ZT.  Radiation  damage  in  PLZT  is  important  because 
PLZT  materials  are  frequently  ion-milled  to  form  structures  for 
electrooptic  applications  [4]  and  PLZT  films  are  known  to  be 
deposited  by  ion  beam  assisted  deposition  techniques.  Also  PLZT 
devices  may  encounter  h'gh-level  irradiation  environments,  such 
as  in  ionosphere  and  Van  Allen  radiation  belts  or  in  a  nuclear 
reactor  or  a  high  energy  particle  accerlerator  so  that  the  material 
may  be  amorphized  and  lose  its  ferroelectric  properties.  In  this 
study,  we  have  used  an  in-siiu  transmission  electron  microscopy 
(TEM)  during  1.5  MeV  Kr  ion  irradiations  to  investigate 
radiation-induced  amorphization  of  PLZT  single  crystal  samples 
prepared  from  bulk  ceramic  material,  highly-oriented  PLZT  thin 
film  samples,  and  polycrystalline  PLZT  thin  film  samples,  in  the 
temperature  range  between  25— 450°C.  The  results  for  the  room 
temperature  irradiation  are  compared  with  that  obtained  from 
pure  silicon  of  the  (110)  orientation  under  the  same  irradiation 
condition  and  the  data  can  be  extrapolated  to  predict  the  critical 
'morphization  dose  required  under  other  irradiation  conditions. 

Experimental 

PLZT  materials  normally  have  the  slightly  distorted  perovskite 
structure  which  is  common  among  ABOa  compounds.  The 
structure,  to  the  first  approximation,  consists  of  cubic  closest 


packing  of  oxygen  ions  and  A-site  cations  (Pb  and  La).  B-ute 
cations  (Zr  and  Ti)  occupy  one-fourth  of  the  octahedral  inter.'ices 
in  the  close-packed  array,  filling  only  those  octahedral  sites  nut 
adjacent  to  A-sites.  A-sites  are  coordinated  by  twelve  oxygens, 
B-sites  are  coordinated  by  six  oxygens.  Each  oxygen  is  in  contact 
with  the  adjacent  four  A-type  and  two  B-type  cations. 

TEM  samples  were  prepared  from  hot  pressed  PLZT  9/65/35 
wafer.  The  density  of  the  sample  is  7.81  g/cm*  and  the  average 
grain  size  is  about  8  pm.  After  Ar  ion  milling  perforation  for 
preparing  several  TEM  thin  foils,  we  were  able  to  select  single 
crystals  jf  the  (111)  orientation  inside  individual  crystal  grain  for 
TEM  study  because  TEM  bfam  size  is  smaller  than  the  grain  size. 
Several  PLZT  fine-grained,  thin  films  samples  of  the  composition 
7/0/100  and  about  1000  A  thick  have  also  been  prepared.  These 
films  were  deposited  on  Si(lll)  substrate  by  rf  magnetron 
sputtering  at  400°C.  The  PLZT  th'n  film  samples  for  TEM  study 
were  obtained  by  dissolving  Si  away  using  a  warm  KOH/water 
solution.  A  typical  TEM  micrograph  of  the  grain  structure  of  the 
thin  film  sample  is  shown  in  Figure  1. 

As  mentioned  above,  TEM  sample  foils  from  bulk  ceramic  wafer 
were  prepared  by  Ar  ion  milling  to  perforation.  TEM 
e.xamination  after  ion  milling  did  not  reveai  any  "amorphous  halo" 
in  the  electron  diffraction  Pu,.t..i  for  the  bulk  ceramic  sample. 
Samples  were  irradiated  with  1.5  MeV  Kr"’  ions  in  the  HVEM- 


Figure  1.  TEM  micrograph  of  PLZT  7/0/  ov  thin  film. 
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Tandem  Facility  at  the  Argonne  National  Laboratory  [6]  at  a  dose 
rate  of  3,6x10“  ions/cm^.  The  facility  links  a  modified 
Kratos/AEl  EM7  high-voltage  electron  microscope  (HVEM)  with 
a  2  MV  tandem  ion  accelerator,  so  that  iii-iiiu  TEM  observations 
can  be  made  during  the  ion  irradiations.  The  ion  beam  enters  the 
microscope  column  at  an  angle  of  30°,  and  the  sample  on  a 
double-tilt  heating  stage  was  tilted  25-27°  toward  the  ion  beam 
during  the  experiment.  A  defocused  300  keV  electron  beam  was 
used  for  the  in  situ  observation  in  several  selected  area  of  the 
electron  diffraction  mode.  The  experimental  arrangement  is 
shown  schematically  in  Figure  2.  Ion  irradiations  were  performed 
at  25,  200,  325  and  400°C.  The  sample  temperature  was 
continuously  monitored,  and  its  increase  due  to  beam  heating  was 
less  than  50°C.  A  pure  silicon  sample  of  the  (110)  orientation  was 
also  irradiated  with  1.5  MeV  Kr  ions  at  room  temperature  for 
comparison.  Because  of  their  high  energy,  most  of  the  Kr  ions 
completely  penetrate  through  the  electron  transparent  thickness 
(<300nm)  of  the  sample,  and  the  Kr  concentration  introduced  in 
the  sample  region  of  study  is  negligible  for  all  the  doses  used  in 
our  experiments. 


Figure  2.  In-Situ  TEM/ion  irradiation  experimental  arrangement 
with  the  HVEM-Tandem  Facility  at  the  Argonne  National 
Laboratory. 


Results  and  Discussion 

At  room  temperature,  the  electron  transparent  region  of  the  silicon 
sample  was  completely  amorphized  with  1.5  MeV  Kr  ions 
irradiation  after  a  critical  dose  of  1x10“  ions/cm^.  The 
progressive  amorphization  process  was  evidenced  by  the  changes 
in  the  electron  diffraction  pattern  as  is  shown  in  Figure  3.  At 
first,  a  diffuse  halo,  wheih  is  the  characteristic  of  an  amorphous 
material,  appeared  and  its  intensity  increased  with  increasing  ion 
dose.  Concurrently,  the  diffraction  maxima  intensity  decreased 
until  the  diffraction  maxima  completely  vanished  at  the  critical 
amorphization  dose.  For  PLZT  9/65/35,  this  process  proceeded 
much  more  rapidly  at  room  temperature.  As  shown  in  Figure  4,  a 
diffuse  halo  was  observed  at  doses  as  low  as  5.1x10“  ions/cm^, 
and  amorphization  was  completed  after  only  1.9x10“  ions/cm*,  a 
dose  less  than  one  fifth  of  that  required  for  the  complete 
amorphization  of  silicon.  For  the  sputter-deposited  PLZT  films, 
we  found  that  the  amorphization  was  completed  after  only 
3.4x10“  ions/cm^,  about  one  fifth  of  that  required  for  hot- 
pressed  PLZT  ceramic  bulk  samples. 

Because  of  the  large  differences  ;n  chemical  composition  and 
density  between  silicon  and  PLZT,  and  also  because  most  ions 
penetrate  through  the  thickness  of  the  sample  examined,  the 


stopping  power  of  the  target  materials  for  the  ions  is  an  important 
parameter  in  determining  the  effectiveness  of  a  certain  ion  dose  in 
damaging  the  target.  Therefore,  it  is  better  to  compare  the  total 
energy  loss  due  to  nuclear  collision  events  in  the  samples  which 
became  amorphous,  rather  than  to  compare  the  critical 
amorphization  doses  directly.  The  energy  loss  doe  to  nuclear 
collisions  can  be  estimated  by  a  Monte  Carlo  simulation  using  the 
TRIM  code  [7],  although  TRIM  does  not  explicitly  provide  output 
for  this  result  [8].  Based  on  the  TRIM  results,  the  energy  loss  per 
unit  length  due  to  nuclear  interactions  by  1.5  MeV  Kr  ions  is 
calculated  to  be  1.03  keV/nm/ion  in  the  PLZT  material  and  0  35 
keV/nm/ion  in  silicon  (using  data  from  the  depth  of  150  nm  for 
the  average  of  the  first  300  nm  thickness).  In  other  works,  the 
PLZT  material  has  a  higher  nuclear  stopping  power  for  the  ions 
than  silicon,  so  fer  a  specific  ion  dose,  more  energy  is  transfered 
through  nuclear  collision  within  the  PLZT  sample,  thus  causing 
more  severe  rediation  damage.  This  is  expected  because  PLZT  has 
a  much  higher  density  (7.8  g/cm’)  than  silicon  (2.33g/cm^). 
However,  at  the  critical  amorphization  dose,  the  estimated  total 
energy  loss  due  to  nuclear  collisions  in  silicon  is  3.5  keV/nm^,  and 
in  PLZT  9/65/35,  only  2  keV/nm’.  Thus,  the  higher  nuclear 
stopping  power  can  not  completely  account  for  the  lower  critical 
amorphization  dose  in  the  PLZT.  One  of  the  other  important 
parameters  affecting  damage  efficiency  is  the  displacement 
threshold  energy,  Ea.  Unfortunately,  no  data  are  available  at 
present  for  PLZT.  Assuming  Ed  equals  15  ev  for  both  silicon  and 
PLZT,  the  displacement  damage  levels  at  the  critical 
amorphization  dose  are  1.8  and  0,7  displacements  per  atom  (dpa) 
for  silicon  and  PLZT,  respectively.  Previous  studies  on  many 
complex  ceramic  materials  suggest  that  the  critical  amorphization 
dose  decreases  with  increasing  chemical  and  structure  complexity 
and  decreasing  average  bond  ionicity  [9].  The  relatively  complex 
crystal  structure  of  PLZT  must  also  be  a  factor  which  makes  it 
more  sensitive  to  radiation-induced  amorphization. 

The  results  obtained  from  1.5  Mev  Kr  irradiation  can  be 
extrapolated  based  on  TRIM  simulations  to  predict  the  critical 
amorphization  dose  required  under  other  irradiation  condition. 
For  example,  assuming  nuclear  collision  events  (energy  loss  due  to 
nuclear  collision)  are  mainly  responsible  for  the  radiation-induced 
amorphization  [9],  it  can  be  predicted  that  a  thin  amorphous  layer 
centered  at  a  depth  of  200  nm  forms  under  500  keV  Ar  ion 
irradiation  after  a  dose  of  3.5x10“  ions/cm^.  Land  and  Peercy  [3] 
have  observed  a  three  orders  of  magnitude  increase  in 
photosensitivity  in  500  keV  Ar  irradiated  PLZT  9/65/35  (5x10“ 
ions/cm^)  and  have  attributed  the  effect  to  decreased  dark 
conductivity  and  dielectric  constant  in  a  near  surface  damaged 
layer  less  than  1  /rm  thick  without  specifying  the  damaged 
structure.  According  to  our  estimate,  an  amorphous  layer 
approximately  100  nm  thick  has  been  created  at  that  dose. 

The  critical  amorphization  dose  for  the  PLZT  material  increased 
with  increasing  irradiation  temperature  as  is  shown  in  Figure  5, 
This  behavior  is  common  for  other  materials  [10,11]  due  to  the 
competition  between  damage  production  and  thermally  activated 
recovery.  At  450°C,  no  evidence  of  amorphization  was  observed 
above  a  dose  of  1.1x10“  ions/cm*  indicating  an  equilibrium 
between  the  two  competing  processes  has  probably  been  attained. 
The  reason  why  sputter-deposited  PLZT  has  a  much  lower  dose 
for  amorphization  must  be  attributed  to  its  lower  density  and 
higher  porosity  and  more  defective  structures  in  comparison  with 
that  in  the  hot-pressed  ceramic  bulk  material. 

Conclusions 

At  room  temperature,  PLZT  9/65/35  single  crystal  samples 
prepared  from  bulk  ceramic  wafer  were  amorphized  under  a  1.5 
MeV  krypton  ion  irradiation  with  a  dose  of  only  1.9x10“ 
ions/cm^,  less  than  one  fifth  of  the  critical  amorphization  dose  for 
silicon  (Ixl0“  ions/cm^),  and  the  sputter  deposited  PLZT  film 
took  even  smaller  dose  to  become  amorphous.  The  critical 
amorphization  dose  for  the  PLZT  material  increased  with 
increasing  irradiation  temperature.  At  450°C,  amorphization  was 
not  observed  above  a  dose  of  1.1x10*®  ions/cm^.  PLZT  is 
sensitive  to  ion  irradiation  induced  amorphization  because  of  its 
high  nuclear  stopping  power  and  complex  crystal  structure. 
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Sound  velocities,  elastic  constants  and  acoustic  attenuation  in  PLZT  9/6S/3S  bulk  ceramic 
material  have  been  determined  by  ultrasonic  techniques  between  1.2  and  470  K.  Anomalous 
elastic  behaviors,  including  broad  dip  in  sound  velocity  and  sharp  cusp  in  attenuation  were 
observed  around  the  diffuse  phase  transition  at  330  K.  The  sound  velocity  increases  strongly 
and  linearly  with  decreasing  temperature  at  low  temperatures.  This  behavior  is  different  from 
that  predicted  by  Debye  lattice  model.  An  unusually  large  42%  discrepancy  between  the  elastic 
Debye  temperature  and  the  calorimetric  Debye  temperature  was  found  which  may  be  attributed 
to  the  disorderness  nature  in  this  ceramic  material. 


INTRODUCTION 


RESULTS 


Lanthanum  modified  lead  zirconate  titanate,  (Pb,La)(Zr,Ti)03.  or 
PLZT,  is  a  ferroelectric  ceramic  of  the  perovskite  structure  with  a 
diffuse  phase  transition  [1-4].  The  broadness  of  the  dielectric 
constant  maximum  at  T^.  suggests  a  gradual  transition  from  an 
unpolar  high  temperature  phase  to  a  polar  ferroelectric  phase.  It 
has  been  found  that  the  polarization  is  reversible  above  a 
temperature  Tj  (Tj  <  T^,  where  T;.  is  the  transition  temperature) 
and  irreversible  below  Tj  [3].  The  high  disorderness  in  PLZT 
suggests  a  finite  correlation  length  at  the  phase  transition  similar 
to  that  of  glass  transitions  and  one  might  expect  that  PLZT 
behaves  like  an  amorphous  dielectric  material  (3,4). 

The  purpose  of  this  work  is  to  measure  the  sound  velocities  and 
acoustic  attenuation  of  PLZT  in  serach  of  anomalies  due  to  phase 
transitions  and  glass-like  behaviors,  and  to  determine  the  elastic 
Debye  temperature  which  is  important  in  interpreting  calorimetric 
results  at  low  temperatures  [5,6]. 

EXPERIMENTAL 


The  longitudinal  and  shear  sound  velocities  i>l  and  v,,  where  v  - 
2d/t  and  d  is  the  sample  thickness,  were  measured  from  the  phase 
comparison  method.  The  corresponding  elastic  constant  Cl  and 
Cj.  where  C  -  pu*  and  p  -  7.810  gm/cm*  is  the  sample  density, 
determined  from  the  Archimedes  method,  were  deduced  from  the 
sound  velocities.  (The  theoretical  density,  however,  is  7.84 
gm/cm*  as  calculated  by  using  the  molecular  weight  of  323.4 
gm/mol  and  the  lattice  constant  a  «  4.091  A  from  our  x-ray 
powder  diffraction  determination).  The  ultrasonic  attenuation  was 
determined  by  measuring  the  amplitudes  of  successive  sound 
echoes  and  the  best  least  square  linear  fit  of  the  logarithms  of 
amplitudes  of  the  sound  echo  trains.  Because  of  the  lack  of 
complete  published  thermal  expansion  data  of  PLZT  ceramic 
material  at  low  temperatures,  sample  thickness  and  thus  density 
were  not  corrected  for  temperature  changes.  The  results  of  the 
sound  velocities,  elastic  constants,  and  attenuation  as  a  function  of 
temperature  are  shown  in  Figure  1  to  6.  Within  our  experimental 
errors  we  found  that  there  is  no  significant  hysteresis  in  the  sound 
volecity  or  attenuation  measurements  as  a  function  of  temperature 
scans. 


A  hot  pressed  PLZT  ceramic  sample  of  composition  9/65/35,  or 
Pbo.9iLao.o9Zro.62iiTio.342i03,  manufactured  by  Motorola  Inc.,  was 
used  in  this  sutdy.  The  sample  was  ground  and  polished  into 
parallelepiped  shapes  suitable  for  sound  velocity  measurements  and 
was  thermally  depoled  at  600  °C  for  one  day  to  eliminate  residue 
stresses  and  strains.  Elastic  properties  were  determined  by  an 
ultrasonic  phase  comparison  technique  [7].  Electric  pulses  of 
width  1  pm,  gated  and  amplified  using  a  c.w.  oscillator  at  1 1 
MHz,  were  converted  into  ultrasonic  pulses  by  quartz  transducer 
bonded  on  the  sample.  The  echo  trains  were  picked-up  by  the 
same  transducer  and  phase-compared  with  the  c.w.  signal.  The 
transit  time  t,  or  the  round  trip  time-of-flight,  of  the  echo  was 
determined  to  within  an  accuracy  of  1  nsec  or  0.05%,  at 

temperatures  away  from  phase  transitions.  From  the  transit  time, 
and  the  thickness  and  density  of  the  sample,  the  sound  velocity 
can  be  calculated.  The  ultrasonic  measurement  system  has  been 
described  elsewhere  [7]. 

The  longitudinal  and  shear  sound  waves  were  generated  by 

activating  X-  and  AC-cut  quartz  transducers  with  active  area  of 
2.5  mm  in  diameter,  bonded  onto  the  PLZT  sample  of  thickness 
0.5984  cm,  respectively.  For  the  longitudinal  mode,  Dow  Corning 
DC200  fluid  was  used  as  the  bonding  agent  in  the  temperature 
range  of  1.2  and  470  K.  For  the  transverse  mode,  DC200  fluid, 
DC276V9  resin,  and  Ren  Plastic  epoxy  were  used  in  the 

temperature  ranges  of  1.2-200  K,  120-300  K,  and  250-405  K, 

respectively.  The  low  temperature  measurement  system  has  been 
described  elsewhere  [7]. 


As  can  be  seen  from  Figure  1,  2,  4  and  5,  both  the  longitudinal 
and  shear  velocities  and  elastic  constants  exhibit  a  broad  and 
diffuse  depression  at  330  K.  This  depression  lies  between  T^  « 
360  K  and  the  reversible-irreversible  transition  temperature  Tj  * 
290  K.  The  ultrasonic  attenuations  shown  in  Figure  3  and  6  show 
strong  temperature  dependence.  The  longitudinal  elastic  constant 


Figure  I.  The  longitudinal  sound  velocity  of  PLZT  9/65/35. 
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Figure  2.  The  compressionai  elastic  constant  of  PLZT  9/65/35. 


I|MP(RATUef  (K) 

Figure  3.  The  longitudinal  ultrasonic  attenuation  of  PLZT 
9/65/35. 


has  a  major  attenuation  peak  at  315  K  and  minor  peaks  at  250  and 
450  K.  In  the  case  of  the  transverse  mode,  the  major  attenuation 
peak  is  at  290  K  and  the  minor  peaks  are  at  250  and  350  K. 
There  are  also  small  fluctuations  in  the  shear  elastic  constant  at 
280  and  350  K,  associated  possibly  with  the  attenuation  peaks. 

The  details  of  the  low  temperature  behavior  are  shown  in  the 
inserts  of  Figure  1  to  6.  The  sound  velocity  and  elastic  constant 
increase  while  the  sound  attenuation  decreases  as  the  temperature 
decreases,  and  the  sound  velocity  shows  a  linear  temperature 
dependence  for  both  the  longitudinal  and  shear  modes,  suggesting 
that  the  material  has  a  glass-like  behavior  [8],  It  is  very 
interesting  to  see  that  there  is  no  sign  of  any  "leveling-off”  effect 
for  both  of  the  velocity  modes  at  the  lowest  temperature  of  1.2  K. 
This  phenomenum  can  not  be  explained  by  the  Debye  lattice 
theory  [9]  because  in  that  theory  the  elastic  constant  of  ordinary 
solid  dielectric  material  should  have  a  temperature  dependence  of 
(1-cT^),  where  c  is  a  constant,  at  the  absolute  zero. 

DISCUSSION  AND  CONCLUSIONS 

The  existence  of  the  unusually  broad  and  strong  softening  of  the 
elastic  constants  and  the  drastic  changes  in  the  attenuation  at  the 
diffuse  phase  transition  in  PLZT  suggest  that  the  long  range 
orders  associated  with  the  polar  to  unpolar  phase  transition  are 


accomplished  at  around  330  K.,  and  both  the  \olume  and  linear 
piezoelectric  couplings  are  strong  in  this  material  However,  the 
fact  that  phase  transition  is  diffuse  and  not  sharp  must  be  due  to 
the  randomness  and  ceramicity  nature  of  the  material:  lhat  is,  the 
very  diffuse  mode  softenings  and  attenuation  peaks  at  the 
transition  are  caused  by  the  fluctuations  of  medium  or  short  range 
orders  inside  the  randomly  distributed  ceramic  grain'  directly 
related  to  the  variations  in  the  ferroelectric  moments,  grain 
boundaries,  domains,  domain  walls,  etc.  V^e  speculate  that  this 
medium  or  short  range  correlation  length  should  be  on  the  order 
of  a  few  X  up  to  the  domain  or  domain  wall  sizes  which  may  be 
much  smaller  than  the  grain  size  which  in  this  sample  has  an 
averaged  value  of  8  pm. 

It  is  interesting  to  note  that  the  attenuation  peak  and  the  velocity 
dip  have  a  one-to-one  correspondence  The  broad  and  diffuse 
peak  in  the  attenuation  corresponds  to  the  broad  and  diffuse  dip 
in  the  velocity.  This  suggests  that  the  observed  anomalies  in 
attenuation  and  velocity  change  all  stem  from  a  same  relaxation 
process  through  the  following  Kramers- Kronig  type  relations 
[8,11]: 


D2  oo  iu2r(V) 

<1  - -  J  P(V)  - -  dV  ,  (I) 

4pu’kT  “  1  +  lu^tMV) 

and 

Au  oo  dV 

- J  P(V) -  ,  (2) 

V  Spt^  kT  “  1  +  ^2  (V) 


rEMPERATURE  (X) 


Figure  4.  The  transverse  sound  velocity  of  PLZT  9/65/35. 


where  D  is  the  deformation  potential  or  the  energy  shift  of  the 
relaxing  state  due  to  acoustic  strain,  P(V)  is  the  distribution  of  the 
activation  energy  V,  r  ro  exp(V/kT)  is  the  Arrhenius  relation  for 
the  relaxation  time  r,  and  w  is  the  sound  frequency.  These 
relations  have  proven  to  be  useful  for  describing  both  the 
crystalline  and  the  disorder  systems  [8]  and  might  be  useful  for 
describing  PLZT  material  qualitatively.  Unfortunately,  material 
parameters  such  as  D,  P(V),  and  r(V)  in  PLZT  can  not  be 
obtained  uniquely  by  a  simple  curve  fitting  precedure  using 
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formulae  (1)  and  (2)  because  the  phase  transition  in  PLZT  is  too 
strong,  too  broad,  and  too  diffuse  which  prohibit  us  from 
estimating  the  true  background  velocity  or  attenuation  value  in  the 
entire  temperature  range  so  that  it  is  difficult  from  our  data  to 
deduce  the  actual  velocity  or  attenuation  changes  due  to  the  phase 
transition.  Furthermore,  because  of  the  ceramicity  nature  of 
PLZT,  D,  P(V),  and  r  (V)  may  not  be  single-valued  but  may  have 
broad  spectrum  of  values  because  of  the  random  distribution  of 
grain  and  domain  sizes. 

It  is  clear  that  PLZT  material  does  not  behave  like  an  ordinary 
Debye  solid  at  all  because  an  ordinary  Debye  solid  must  ha''e  a 
leveling-off  effect  at  the  absolute  zero.  The  non  leveling-off  of 
the  elastic  constants  down  to  1.2  K.  suggests  that  some  unusual 
mode  vibrations  other  than  the  zero  point  lattice  vibrations  may 
not  be  totally  frozen  out  near  the  absolute  zero. 

To  further  explore  the  unusual  behavior,  we  have  calculated  the 
elastic  Debye  temperature  of  PLZT  from  the  following  relation 
[11]; 


Figure  6.  The  transverse  ultrasonic  attenuation  of  PLZT  9/65/35. 


systems  caused  by  double-well  potentials  in  glass  or  disordered 
solid  from  a  statistical  calculation  [12].  These  low  lying  modes,  on 
the  average,  can  contribute  an  extra  large  term  to  the  heat 
capacity  of  PLZT  and  caused  the  observed  linear  velocity 
dependence  at  low  temperatures.  Other  low  lying  modes  may 
involve  domain  walls  excitations  or  quantized  ferroelectric 
polarization  waves  similar  to  quantized  spin  waves  in  magnetic 
materials,  but  we  do  not  have  direct  evidence  of  the  existence  of 
such  modes  at  the  present  time. 
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where  h  is  the  Plank  constant,  k  is  the  Boltzmann’s  constartt,  Q  = 
5  is  the  number  of  atoms  per  formula  unit.  No  is  the  Avogadro’s 
number,  and  W  is  formula  weight.  Using  the  measured  sound 
velocities  at  1.2  K,  ul  =  5.00  x  10*  cm/sec  and  o,  =  2.84  x  10* 
cm/sec,  we  deduced  the  elastic  Debye  temperature  ©o  of  392  +  4 
K,  which  is  42%  larger  than  the  calorimetric  Debye  temperauture 
©D  of  225.7  K  reported  by  Lawless  from  specific  heat 
measurements  [5,6].  This  unusually  large  discrepancy  between  the 
elastic  and  calorimetric  Debye  temperatures  suggests  that  the 
acoustic  lattice  vibrations  can  not  account  for  all  the  Debye  terms 
in  the  specific  heat,  and  at  the  lowest  temperature,  about  80%  of 
the  measured  specific  heat  in  PLZT  material  is  due  to  contributions 
from  some  excitations  other  than  ordinary  acoustic  vibrations.  We 
suggest  that  the  random  distributions  of  ceramic  grains,  the 
substitutional  Pb  and  La  on  the  A-site  and  Zr  and  Ti  on  the  B- 
site  in  PLZT  lattice,  the  A-site  and  B-site  vacancies,  the  possible 
interstitial  species,  and  the  multiple  orientational  states  of 
ferroelectric  moment  are  all  intrinsic  in  the  defective  perovskite 
structure  of  PLZT  ceramic  material.  These  randomnesses  may 
result  in  many  low  lying  modes  in  PLZT,  similar  to  the  two-level 
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Abstract 


Dielectric,  pyroelectric  and  piezoelectric  prope¬ 
rties  of  relaxor  ferroelectric  in  the  ( 1-x-y) Pb(Mgi/3 
Nb2/3  )03-xPbTi03-yPbZr03  solid  solution  series  have 
been  investigated.  The  dielectric  constant  and  loss 
of  pwled  ceramic  samples  were  determined.  The  pyro¬ 
electric  coefficient  was  measured  by  the  static  Byer- 
Roundy  method  as  a  function  of  temperature.  Electro¬ 
mechanical  coupling  factor  (Kp)  was  measured  by  using 
the  resonance-antiresonance  method.  The  addition  of 
PbZr03  affects  the  dielectric  and  pyroelectric  prope¬ 
rties  of  PMN-PT  and  transition  tenqserature  is  contin¬ 
uously  shifted  to  lower  temperature  with  increase  of 
a  small  amount  of  PbZr03.  The  composition  with  the 
maximum  electromechanical  coupling  factor  exhibits 
the  high  dielectric  and  pyroelectric  properties. 


Introduction 


In  the  composition  PMN-PT  systan,  mor- 
photropic  phase  boundary  exists  near  35mol%  of  Pt1*2. 
The  composition  near  MPB  shows  a  large  dielectric, py¬ 
roelectric  coefficient,  much  larger  than  those  of  PZT 
ceramics.  In  the  case  of  the  most  of  PMN-PT  series 
transition  temperature  is  above  room  temperature. 

With  an  addition  of  PbZt03  (Tc  =  230^)  the  transi¬ 
tion  temperature  can  be  suitably  adjusted  for  the 
pyroelectric  and  piezoelectric  applications. 

In  this  paper,  we  used  the  columbite  precursor 
method^  so  as  to  stabilized  perovskite  structure. 
Dielectric  constant  and  electromechanical  coupling 
factor  of  the  PMN-PT-PZ  system  are  high  at  the  com¬ 
positions  near  the  morphotropic  transformation^.  The 
dielectric,  pyroelectric  and  piezoelectric  properties 
of  the  PMN-PT-PZ  system  near  the  morphotropic  phase 
boundary  system  (EW-PT)  are  describe. 


Experimental  procedure 


were  heated, again  at  a  rate  of  A°C/min,  through  the 
I^se  transition  region.  Prior  to  the  dielectric, 
pyroelectric  and  piezoelectric  measurements  the  spec¬ 
imens  were  poled  by  applying  a  DC  field  of  about  20 
kV/cm  while  cooling  from  well  above  the  transition  to 
a  temperature  well  below.  Electromechanical  coupling 
factor  was  measured  by  using  the  resonance-antireso¬ 
nance  method^. 


Results  and  Discussion 


Dielectric  properties 

Figure  1  shows  the  typical  plot  of  the  dielectric 
constant  and  loss  tangent  at  various  frequenciesdOO 
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Figure  1.  Temperature  dependence  of  dielectric  con¬ 
stant  and  dissipation  factor  at  various  frequencies 
for  0.60FMN-0.22PT-0.18PZ  system. 


In  the  ternary  system  0.60FMN-(0.A0-x)PT-xPZ  and 
0.70PHN-(0.30-x)PT-xPZ  compxjsitions  were  prepared  at 
x  =  0.05  to  0.30.  The  raw  materials  were  reagent  gra¬ 
de  oxide  powders.  We  first  prep)ared  the  columbite 
structure  Mgllb206,  and  the  precursor  materials  were 
then  mixed  in  stoichiometric  ratio  with  PbO,  Ti02, 
and  Zr02.  Mixed  piowders  were  dried  and  ctilcined  at 
700*0  for  2  hr.  After  ball  milling,  piowders  were 
cold  pressed  to  form  disks,  followed  by  sintering  at 
1250*0  for  2  hr.  PbO  volatilization  during  sintering 
was  minimizing  by  surrounding  each  pallet  with  ”  atm¬ 
osphere  pxjwder"  of  identical  chemical  compositions. 
The  sintered  samples  were  characterized  by  X-ray  di¬ 
ffraction  to  insure  phase  pjurity.  For  electrical  me- 
asurenents,  the  samples  were  px)lished  down  to  have 
same  pihysical  dimension,  and  gold  electrodes  were  spl¬ 
uttered  on  the  surfaces  of  piellet. 

Tempjerature  dep)endence  of  dielectric  constant  and 
loss  tangent  were  measured  of  0.1,  1,  10  and  lOOkHz 
at  the  temperature  rate  of  A®C/min  with  a  multi-freq¬ 
uency  LCR  meter.  Pyroelectric  coefficient  was  meas¬ 
ured  by  the  static  Byer-Roundy  method  5  as  the  samples 


Hz  -  100  kHz)  as  a  function  of  temperature  for  a  com- 
pxjsition  0.60PMN-0.22PT-0.18PZ.  The  dielectric  con¬ 
stant  vs.  tempierature  data  depict  the  typical  relaxor 
behavior  of  this  compiosition. 

When  the  san^les  were  pxjled  and  x  varied  from  0.05 
to  0.30,  the  dielectric  behavior  on  various  compxjsit- 
ions  showed  a  increase  in  Tc  with  decreasing  of  mole 
fraction  of  PZ. Dielectric  constant  increases  with  incre 
asing  mo lyU’Zy However, for  x  more  than  0.18,  the  diel¬ 
ectric  constant  decreased(Fig.  2).  Figure  3  shows  the 
dielectric  behavior  on  the  0.70P^-(0.30-x)PT-xPZ  (x  = 
0.05  -  0.28)  solid  solution  system  might  be  similar 
to  that  observed  in  the  dielectric  constant  vs.  tempi¬ 
erature  studies  for  the  compiosition  O.6OPMN-(0.AO-x) 
PT-xPZ.  In  each  series  the  maximum  dielectric  cons¬ 
tant  is  observed  for  the  compwsitlons  0.60PMN-0.22PT- 
0.18PZ  and  0.70PMN-0.15PT-0.15PZ,  respiectively. 

Transition  tempierature  of  FMN,  PT  and  PZ  are  -15*C 
A90®C  and  230*C,  respiectively.  As  the  transition  te¬ 
mpierature  is  expiected  to  vary  with  the  canpxjstition, 
in  each  series.  Figure  A  shows  the  variation  in  tran¬ 
sition  tempierature  with  compiosition  x  of  system  PMN- 
PT-PZ  series. 
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Figure  2.  Dielectric  constant  vs.  temperature  in 
the  0.6CIW-(0.^iOx)  PT-xfZ  syston. 


peaks  are  existed  in  the  P  vs.  T  measurements  as 
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Figure  4.  Variation  of  the  transition  temperature  as 
a  function  of  the  mole  fraction  of  PZ. 


Figure  3.  Dielectric  constant  vs.  temperature  in 
the  0.70PMN-(0.30-x)PT-xPZ  system. 

The  addition  of  PbZr03  affected  the  dielectric 
properties  of  PMN-PT  and  the  phase  transition  tempe¬ 
rature  is  continuously  shifted  to  lower  temperature 
with  increase  of  a  small  amount  of  PbZr03  ,  their  ra¬ 
tes  of  decrease  are  about  3-5®C/mol%.  With  an  addi¬ 
tion  of  PbZr03  the  transition  temperature  of  the(l-x- 
y)  PMN-xPT-yPZ  can  be  suitably  adjusted  for  the  room 
temperature  dielectric  applications. 

Pyroelectric  and  piezoelectric  properties 

Figures  5  and  6  show  the  pyroelectric  coefficient 
for  various  compositions  in  the  0.60PMN-(0.40-x)PT-x 
PZ  and  0.70PMN-(0.30-x)PT-xPZ  solid  solutions,  respe¬ 
ctively,  as  a  function  of  temperature.  In  the  compo¬ 
sitions  0.60PMN-(0.40-x)PT-xPZ  and  0.70PMN-(0.30-x)PT 
-xPZ  pyroelectric  coeffifcient  increases  with  mol%  PZ. 
However,  in  each  series  for  x  less  than  0.18  and  0.15, 
respectively,  the  pyroelectric  coefficient  decreased. 
The  composition  with  maximum  pyroelectric  coefficient 
might  be  similar  to  that  observed  in  K  vs.  T  studies. 

The  variation  of  peak  temperature  with  composition 
is  shown  in  Figure  7.  The  peak  temperature  of  pyro¬ 
electric  coefficient  is  continuously  shifted  to  lower 
temperature  with  increase  of  an  amount  of  PbZr03, 
their  rates  of  decrease  are  about  2-3*^/11101%.  However, 
especially  at  x  =  0.22-0.30  it  is  observed  that  two 


Figure  5.  Pyroelectric  coefficient  vs.  temperature 
in  the  0.60PMN-(0.40-x)PT-xPZ  system. 


Figure  6.  Pyroelectric  coefficient  vs.  teirperature 
in  the  0.70WlN-(0.30-x)PT-xPZ  system. 


shown  in  Figures  5  and  6.  This  suggests  a  change  of 
property  behavior  of  ferroelectric  materials  in  such 
regions.  The  broadening  of  the  two  peaks  in  P  vs.  T 
may  be  due  to  the  coexistence  of  the  ferroelectric 
and  paraelectric  phases.  But  this  phenomena  can  not 
be  fully  explained  at  present  work. 
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Figure  7.  Peak  temperature  of  pyroelectric  coeffic¬ 
ient  plotted  as  a  function  of  the  mole  fraction  of  rz. 


Figure  8  shows  the  electromechanical  coupling 
factor  at  room  temperature  of  the  compxjsitions  0.60 
PMN-(0.40-x)PT-xPZ  and  0.70PMN-(0.30-x)PT-xPZ  solid 
solution  series  as  the  mole  fraction  of  PZ,  The  max¬ 
imum  of  the  electromechanical  coupling  factor  occurs 
in  the  compositions  0.60F?1N-0.22PT-0.18PZ(O.AO)  and 
0.70PMN-0.15PT-0.15PZW.35).  The  compositions  are  in 
good  agreement  with  those  exhibiting  maximums  In  die¬ 
lectric  constant  and  pyroelectric  coefficient. 
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is  continuously  shifted  to  lower  temperature  with  in¬ 
crease  of  an  amount  of  PbZr03  .  The  con^sition  with 
the  maxmium  electromechanical  factor  exhibits  relati¬ 
vely  superior  dielectric  and  pyroelectric  properties. 
With  an  addition  of  PbZr03  to  the  PMN-PT  system  the 
phase  transition  temperature  of  the  fWI-PT-PZ  solid 
solution  series  can  be  suitably  adjusted  for  the  room 
temperature  dielectric  applications. 
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Figure  8.  Electromechanical  coupling  factor  as  a 
function  of  mole  fraction  of  PZ  at  the  room  tempera¬ 
ture. 


Conclusions 


The  addition  of  PbZr03  affects  the  dielectric,  py¬ 
roelectric  and  piezoelectric  benavior  of  PMN-PT  system. 
With  an  addition  of  PbZr03  to  the  PMN-PT  system  the 
phase  transition  temperature  of  the  EMN-W-PZ  system 
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Experimental 


Abstract 

It  IS  shown  that  nanocrystalline  barium  titanate 
can  be  obtained  from  high  energy  ball-milling  of 
conventional  barium  titanate  powder  available  in 
the  market  X-ray  investigations,  surface 
determination  and  dielectric  studies  have  been 
carried  out  on  several  samples  obtained  with 
different  periods  of  grinding  it  is  deduced  that  the 
stabilization  of  the  cubic  phase  at  room 
temperature  occurs  f~r  values  of  grain  size  and 
coherently  diffracting  domain  size  of  0  12  urn  and 

2  5x  1 0^  A  respectively 

Introduction 

It  has  been  found  that  the  stabilization  of  the 
cubic  phase  ih  BaTi03  (BT)  depends  on  its 

microstructure  Uchino  et  al  ’  have  compared  the 
crystallographic  structure  of  BT  with  the  sample 
gram  size  (g)  as  determined  from  the  BET  surface, 
concluding  that  at  room  temperature  the  change  from 
tetragonal  to  cubic  symmetry  occurs  at  a  critical 
particle  size  of  0  12  jim 

The  Constant  Rate  Thermal  Analysis  (CRTA) 

technique  has  been  used^  under  different 
experimental  conditions  to  obtain  BT  powders  of 
very  small  grain  size  These  particles  are  formed  by 
small  crystallites  welded  in  a  mosaic  structure  in 
such  a  way  that  g  Is  not  equivalent  to  the  coherently 
diffracting  domain  size  (D).  Both  a  crystallographic 

and  a  dielectric  studies  were  carried  out^~^  on 
these  samples  and  it  was  deduced  that  the 
stabilization  of  the  cubic  phase  at  room  temperature 
depends  on  D  rather  than  g  and  this  stabilization 

occurs  when  D  is  lower  than  2.5x10^  A. 

For  this  paper,  commercial  BT  powder  has  been 
ground  in  a  high  energy  ball-milling  as  a  function  of 
time  X-ray  investigations,  surface  area 
determinations  and  dielectric  study  of  these 
samples  ascertain  the  above  results. 


Several  samples  were  obtained  by  grinding  Aldrich 
commercial  BaTi03  powder  between  0  to  ISO  min 

For  grinding,  a  high  energy  ball-  mill  (whose 
characteristics  are  7  5  cm,  730  rpm  and  Tungsten 
Carbide  balls  )  has  been  used 
x-ray  investigations  of  the  above  samples  were 
carried  out  with  a  diffractometer  (Philips  1750) 
using  CoKa  radiation  and  graphite  monochromator 
The  size  of  the  coherently  diffracting  domain  of  BT 
samples  has  been  determined  from  the  analysis  of 

the  (111)  profiles  by  Sherrer's  method^  that 
supplies  reliable  values  of  this  parameter  On  the 
other  hand,  the  (200)  peaks  have  been  also  studied  to 
see  the  vanishing  of  the  tetragonality 
Surface  area  determination  of  BT  powders  was 
carried  out  using  a  single  point  BET  method  with  an 
Adsorptmeter  Micromeritic  model  2000 

With  the  above  samples,  several  pellets  were 
prepared  and  later  sintered  The  dielectric  constant 
of  these  samples  was  measured  using  a  SP-5240  ESI 
Capacitance  Bridge 

Results  and  discussion 

In  table  I  the  influence  of  the  grinding  time  on  the 
textural  characteristics  of  the  samples  is  shown  As 
it  was  expected,  these  data  indicate  that  the 
increase  of  the  grinding  time  leads  to  a  decrease  of 
both  g  and  D 

Table  1 


Textural  characteristics  of  the  samples 


Sample 

Grinding  time 

g 

D 

(min) 

(»im) 

(A) 

A 

0 

0.26 

1688 

B 

2 

0.22 

682 

C 

5 

0.18 

539 

D 

10 

0.17 

400 

E 

15 

0  15 

315 

F 

30 

0  14 

264 

G 

45 

0  12 

256 

H 

60 

0  10 

213 

1 

90 

0.09 

202 

J 

150 

0  04 

192 
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The  (200)  XRD  profile  of  the  samples  in  tablel  have 
been  studied,  in  Figure  i  the  peaks  corresponding  to 
samples  A,  C  and  F  are  shown  We  can  see  that  the 
tetragonal  splitting  decreases  with  the  grinding 
time  and  it  practically  dissapears  at  sample  F, 
whose  g  and  D  are  0  14  (xm  and  264  A  respectively 


Figure  1  -  Powder  X-ray  diffraction  (200)  peak 
of  barium  titanate  milled  for:  A)  0  min, 
C)  5  min  and  F)  30  min. 


The  dielectric  constant  of  sample  G  (without 
sintering  and  whose  g  and  D  are  0  12  txm  and  256  A 
respectively)  is  represented  as  a  function  of  the 
temperature  in  Figure  2a,  This  curve  shows  that 
sample  E  is  cubic  at  room  temperature.  When  this 
sample  was  later  sintered,  the  tetragonal  phase  is 
recovered  at  room  temperature  as  we  can  see  in 
Figure  2b 


Figure  2  -  Dielectric  constant  of  sample  G  versus 
temperature:  a)  without  sintering  and 
b)  sintered  at  1 700  K 


According  to  the  above  results,  which  are  in 
agreement  with  those  found  by  Uchino  et  a), '  and  in 

our  previous  papers^'^,  we  can  deduce  that  the 
stabilization  of  the  cubic  phase  at  room  temperature 
occurs  for  values  of  g  and  0  lower  than  0,12  tim  and 

2,5x10^  A  respectively. 

On  the  other  hand,  using  CRTA  method  at  a  pressure 
of  10  mbar,  barium  titanate  powder  was 

obtained'^  with  values  of  g  and  D  equal  to  0,15  jxm 
and  246  A  respectively.  It  was  shown  that  this 
sample,  whose  particles  are  formed  by  small 
crystallites  welded  in  a  mosaic  structure,  is  cubic 
at  room  temperature. 

From  the  above  data  it  is  possible  to  conclude: 

a)  nanocrystalline  barium  titanate  can  be  obtained 
from  high  energy  ball-milling  of  conventional  BT 
powder  available  in  the  market, 

b)  when  the  particles  behave  as  single  crystals,  (like 

the  ones  studied  by  Uchino  et  al,’  and  in  this  paper), 
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the  staDilization  or  the  cvjhic  phase  at  room 
temperature  occurs  for  values  of  g  and  0  lower  than 

0  12  urn  and  2  5x10^  A  respectively 

c)  when  the  particles  do  not  behave  as  single 

crystals,  (like  the  ones  obtained  by  means  of  CRTA 

method^'^),  the  stabilization  of  the  cubic  phase  at 
room  temperature  depends  on  D  rather  on  g,  and  it 

occurs  for  D  lower  than  2.5x10^  A 
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Abstract 

In  this  study,  a  simple  anil  ditett  inelhiHl  has  been  proposed,  which 
allows  to  be  used  for  quantitatively  distinguishing  the  mechanisms 
of  domain  reorientation  processes  in  polycrystalline  materials  By 
using  this  method,  the  VO"  -  domain  reorientation  in  the 
PNZrvTii  ceriunic  under  the  electric  field  was  examined  through 
the  X-ray  diffraction  analysis.  It  was  found  that  the  polarization 
switching  in  the  PZT  ceramic  with  the  composition  near  the 
morphotropic  pha.se  boundary  is  predominantly  controlled  by  the 
two  successive  VO"  domain  processes  rather  lh;in  180"  domain  wall 
reversal.  Experimenlal  results  also  indicate  that  the  coercive  field  of 
the  ceramics  is  related  to  the  cooperative  defonnalion  associated 
with  each  grain,  which  arises  from  Vfl"-  domain  reversal  process 

I.  Intruductiun 

The  interrelationship  between  the  dynamic  behaviors  and 
the  microstructures  (intrinsic  domain  structures  )  of  ferroelectric 
ceramics  is  of  great  significiuice.  flie  investigation  of  polarization 
reversal  in  ferroelectric  ceramics  is  of  both  theoretical  and  practical 
interest.  Recently,  a  lot  of  efforts  have  been  put  into  developing 
polycrystalline  ferroelectric  thin  films  as  non-volatile  memory 
devices  using  the  capability  of  switching  the  direction  of  remnant 
polarization  under  the  influence  of  an  electric  impulse.  In  fact,  the 
polarization  reorientation  processes  are  intimately  associated  with 
the  basic  dynamic  memory  capability  and  the  switching  threshold  of 
polycrystalline  thin  film  memory  devices,  as  well  as  the  basic 
fatigue  and  degradation  behavior  of  thin  film  devices.  With  regard 
to  this,  the  mechanisms  of  the  domain  reversals  in  PZT 
polycry. stall  ine  .sy. stems  have  a  .special  and  important  aspect. 

Early  inve.stigations  for  the  dynamical  behavior  of  V(t"  type 
domain  walls  (90*'  in  tetragonal,  71"  and  lOV*'  in  the  rhonibohedral 
phase)  and  180"  domain  walls  in  PZT  ceramics  have  been  carried 
out  in  the  past  three  decades  1 1  -6|.  Based  on  the  bias  dependence 
measurements  of  dielectric  constants,  polarization,  and  spontaneous 
strain  in  certain  PLZT  certunic  systems,  it  has  been  suggested  that 
the  processes  of  polarization  reversal  may  be  characterized  by  two 
successive  VO"  type  domain  processes  r.ither  than  by  the  direct  1 80" 
domain  switching  processes  Apparently,  all  previous  research 
results  seemed  to  be  adequate,  however,  they  are  by  no  means 
quantitatively  conclusive  because  no  any  direct  experimenlal 
methods  could  distinguish  the  mechanisms  of  the  polarization 
reversal  pr(Ke,s.se.s  in  the  polycrystalline  materials  . 

In  general,  the  mech.mism  of  polarization  reversal  processes 
in  single  crystals  is  explained  by  tlie  nucleation  and  growth  of  new 
antiparallel  domains.  Ferroelectric  ceramics  consists  of  many 
randomly  orientated  grains.  Therefore,  the  polarization  revers,Tl 
mechanism  and  switching  behavior  in  ferroelectric  polycrystalline 
materials  is  rather  complicated  and  depends  upon  many 
condilions|7|.  Usually,  the  polarization  reversal  processes  in 
ferroelectric  polycrystalline  materials  is  substantially  different  from 
those  in  single  crystals.  In  this  work,  a  simple  and  direct  methorl 
has  been  proposed,  which  can  be  used  for  quantitatively 


distinguishing  the  nicchanisiiis  ol  dnniain  leoiienlalion  processes  in 
polycrystalline  iiialeiials  ll  h,i.s  been  d.iectly  continued  that  llie 
polarization  swiicliing  processes  in  I’/ T  ceianiic  w  iih  the 
composition  wiihin  the  inorplioiropic  phase  bouiidais  is 
piedoniinaiilly  dejiendeiit  upon  two  successive  VO^’  domain  leversal 
prixesses 

U.  ExperimeiitaJ  DriM'CHluiv 

'The  speciniens  used  here  aie  o(  cliemical  coniposilion 
PbrZros:  Tiii4sK)'+  OA  w  1 ‘.f  NbrOv  ,  which  is  within  the 
morphotropic  phase  boundary  lire  ceramics  were  prep,ired  by  the 
conventional  mixed  -oxide  process  The  final  sintering  leiiijieralure 
is  11X0  -  1250  "C  fo  2-  ^  lirs  The  scanning  election 

micrographs  (1-ig  I  )  show  the  average  gram  size  of  the  ceramic  to 
be  5pm  5  .Spin  The  domain  structures  can  be  clearly  observed 
through  the  eiivironniental  scanning  electron  microscope  w  ithout 
coaling  the  samples  1 7 1 


Figure  1.  The  SEM  micrographs  of  the  PZT  ceramic  w  ith  the 
composition  within  the  morphortropic  phase  boundary. 

The  samples  were  cut  in  the  dimensions  ot  (Xmni  x  8mm  x  |()  5  - 
0  8  mini  )  and  eleciriKled  with  gold  for  the  dielectric  and  strain 
mea.surements.  For  the  X-  ray  analysis  measurements,  the  thin 
vacuum  deposited  silver  electrixles  were  used  on  the  faces  exposed 
to  the  X  -  rays  in  order  to  reduce  the  extra-  diffraction  of  the 
electrodes  Before  making  silver  electrodes,  the  surfaces  of  the 
samples  were  polisher)  and  etched.  X-  ray  diffraction  measurements 
were  perfonned  on  an  automatic  X  ray  diffractometer  using  CuKa 


Th«  dtrtetton  ot  initial  polarization 


Figure. 2.  Shape  and  initial  polarization  orientation  of  specimens  for 
two  different  cases. 

(a)  The  initial  direction  of  remnant  polarization  parallel  to  the  surface 
of  the  plate  sample. 

(h)  The  initial  ilirection  of  remnant  polarization  perpendicular  to  the 
surface  of  the  plate  sample. 
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radiation  (X.=  1  5418  A)  The  experimental  data  were  processed 
with  the  software  ileveloped  by  the  Materials  Research  Lab  at  Peiui 
Slate  The  X  ray  patterns  were  recorded  at  a  scan  rale  of  26=  (I  V’ 
min  '  The  low  scanning  rale  was  chosen  in  order  to  enhance  the 
intensity  of  the  diffraction.  The  ceramic  specimens  were  imtiallv 
poled  in  two  different  ways  in  accordance  with  the  siunple  sha|>e.  as 
shown  in  Fig  2  The  ilepih  of  X  ray  penetration  in  ihcs  PZ'I  system 
is  estimated  to  be  Ipin 

HI.  KesulLs  and  Discussions 

:L1.  I*rinciple  of  X-  ray  analysis 

It  is  well  known  that  I’/ I  ceramics  contain  many  ‘hi"  ;uul  18(1" 
domains  The  electric  field  will  force  them  move  toward  the 
direction  favorable  to  the  total  system  energy  .\ccotding  to 
Friedel's  law.  the  reversal  of  180"  domains  duiing  the  polarization 
process  could  ni«  (sc  detected  by  the  X-ray  diffraction  method 
Therefore,  it  is  believed  that  the  change  of  ratio  l(002)/l(2(M))  is 
caused  by  the  sw  itching  of  00"  domain  alone  18.0|  In  general,  the 
intensity  of  ;uiv  (hkll  retlection  ,  relative  to  that  from  a  random 
specimen,  is  propoilional  to  the  volume  fraction  of  domains  having 
their  (hkll  planes  pai.Ulel  to  the  plate  surface  Regarding  this  study, 
the  intensity  of  1(0021  teflection  is  proportional  to  the  volume 
traction  of  domain  having  the  polarization  direction  parallel  to  the 
nomial  of  surface  of  plate  s[secimens. 

Based  on  the  general  principle  of  X-ray  diffraction,  the 
ditfr.ictive  intensity  l(hkl)  for  (hkl)  pliuie  can  be  usually  expressed 
by  19| 

•> 

*lhkh=^  •lll-l^lhk  i)  P,hkli 

where.  In  stiuids  for  incident  X  ray  dtffraction,  1  ,  Lorentz  angle 
factor;  FthkI),  structure  factor  for  (hkl)  plane;  N(hkl),  iterating 
factor;  A,  absorption  factor  and  C  is  known  as  measuring  system 
constiuif  Once  the  measuring  cotuliiions  and  specimens  are  defined. 
C  can  lie  calculated  p(hUl  t.v  (he  {  (  \s(ul  plane  anentatnm  dens(t\ 
\ihn  h  IS  clefineil  as  the  ynlume  fi  aetum  of  the  ervsial  grains  w  ith 
(hkll  plane  parallel  to  specimen  suifaee  Obviously,  for  a 

specimen  with  the  preferetied  orientation  of  the  (hkl)  plane,  its 
p(hkl)  should  be  constatit  and  can  be  taken  as  1 ,  ihetefore,  one  has 

■) 

'pitikll  "  ^  *1)  ;^ili  k  1 1  f'*l)ik  II  '  *  * 

From  the  definitioti  of  diffraction  intensity,  it  easily  follows  that  (Ite 
diffraction  intensify  for  the  (hkl)  planes  should  be  proportional  lo 
the  volume  fraction  of  domains  (both  ‘1(1*’  and  180"  domains)  in 
which  the  (hkl)  planes  are  parallel  to  the  surface  of  the  plate 
specimens.  Since  there  may  be  two  possible  kinds  ol  domain 
reversal  proces.ses  during  the  polarization  switching,  the  measured 
1(002)  and  1(  200)  should  contain  lite  contributions  of  the  planes 
((K)2)  ;uid  (200)  within  both  *8)"  reversal  domains  and  180*'  reversal 
domains,  respectively,  that  is; 

1(002)=  ni  |9()"|  lr((M)2)  -(■  n:  1 180<'|  !p((M)2)  (2) 

I(2(M))  =  gi  |*8)"|  lp(2(K))  -)•  g2  1 : 8(y’|  Ip(200)  (.^) 

and. 

Ill  -(•  n;  -I-  gi  +  g:  =  I 

where,  ni  ;uid  n:  arc  the  ‘8)";uid  l8()"dotnain  volume  fractions, 
respectively,  which  have  the  ((H)2)  phuie  parallel  to  the  surface  of 
the  plate  specimens,  gi  and  g2  are  the  *8)*’ and  1 80" domain  volume 
fractions,  respectively,  which  have  the  (200)  pl.ane  parallel  to  the 
surface  of  the  plate  specimens  It  should  be  noted  that  nt  and  gi 
are  the  function  of  applied  electric  field,  whereas  the  n:  and  g2  are 
always  constants  during  the  domain  reversal  processes.  The 
domain  volume  ratio  between  the  domains  with  the  polarization 
direction  perpendicular  to  the  surface  and  those  having  the  direction 


of  their  polarizalions  parallel  to  the  surface  of  the  plate  specimen 
could  be  expressed  as  follows 


R  =  K 


li(K)2) 
It  2(K)) 


(4) 


heie.  K  IS  special  coelficieiil  Since  the  change  n  diffraction 
inteiisilies  are  only  caused  by  vXl"  domains,  the  X  la  ,  inieiistties  of 
li(8)2i,'l(2(8))  undei  itie  inihience  of  the  electric  field  could  repiesent 
tfie  charactetistics  of  >8)"  domain  reversal  Fhe  hanging  tale  o. 
Il(8l2)/I(2(8))  may  leveal  some  infoimation  abtiut  tl  c  mechamsni  of 
the  domain  leoiieniations 

In  the  following,  we  'hall  discuss  two  diftcrent  cases  of 
(lolarizalion  reoricntalion  to  distinguish  tfie  polat  izalion  reorienialiiMi 
processes  between  dO"  dom.nn  ic  .eisal  and  18(1"  domain  teversal 
processes  h  should  tv  noted  that  in  reality  the  domains  c;ui  never 
be  |iertectly  aligned  I  he  disinbution  of  [xilati/ation  ditections 
always  obey  die  certain  axial  distiibiilion,  as  shown  in  Fig  1  Fhe 
l((HI2)  and  1(2(K))  aie  nveasuied  by  tlieir  aveiage  values 


Hiiarv'  iMn 


Figure  .1.  Two  dimensional  tepresentation  of  the  vector  model 
showing  the  spatial  distribution  of  domains  ai  different  stages  of  the 
polarization  reversal 


TIul  Case  L 

For  the  case  I  of  Fig  2  ,  the  initial  directions  of  polarization  in  most 
domains  are  parallel  to  the  surface  of  the  plate  specimen  If  ;ui 
electric  field  is  applied  lo  the  direction  nonnal  to  the  surface  of  the 
plate  specimen,  the  polarization  reversal  process  w  ill  he  expected  to 
be  following  the  model  in  Fig  As  the  applied  electric  field 
increases,  the  direction  of  polarization  will  gradually  be  changed 
With  a  sufficiently  strong  electric  field,  the  polarization  directions  in 
the  ceramic  will  change  their  distribution  direction.  Fvetifually.  all 
polarization  directions  will  be  lined  up  nearly  parallel  lo  the  plus 
direction  shown  at  point  C  via  the  90*’  domain  wall  reversal 
process.  Ihe  intriguing  feature  is  that  in  this  process  only  9(1" 
domain  reorientation  is  involved  and  no  18(1"  domain  wall  reversal 
process  occur  since  the  initial  directioti  of  polarization  is 
perpeitdict;lar  to  the  applied  electric  field.  From  eq  t.f )  and  eq  (4). 
one  obtains 


R 


l((H)2) 
It  2(H)) 


n,  (9()Vp«H'2) 
n;|9()"||p(2(K)) 


t.**) 
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jikI  111+112=  I  l-i)  i  “i )  nil. Mils  ih.il  K  IS  cqu.il  in  lilt  ililtiMLlisf 
iniciisil)  rMlin  nt  |  ii  i  [ i,.!  IM>: )/  ii:  1 40" |l,.l  ^(M 1 1 1  w  iiliiii  ilie 
itntf  vtiUnHi’  iij  pt’f  41)"  donuitn  ll  sluiulii  tie  iinlcii  tliat,  in  jleiieail. 
Ihc  nail  vnluin  nt  |icr  4()"  ilniii.iiii  is  ant  aeiessarily  equal  In  ilie 
uait  vnfuai  nt  itnaiaia  it  masuteriag  (tie  sne.Msiease  nt  tmiti  ‘^t" 
aail  1  SO"  ilniaaias  iTna  eq  l  “i  i.  llie  ctiaagiiif:  rale  nt  K  as  a  fuiKiina 
nt  electric  tielii  ciui  he  e.cpiesseil  as 


ilK  I 

dh 


ii("i  l|.((HI2i/a,(‘t<l"(  l|,(2(KI)) 

di-: 


|hl 


where  R  is  the  measured  vaJue  nt  -atin  ll (M)2 )/l(  200)  Hie  cliiuigiiig 
fate  nt  l((KI2)/l( 2(H))  trnai  pnml  ()  In  ilic  pniai  C  reUecls  nnty  the 
feature  nri)0"dnaiaia  w  Jl  n  orieatatina 


Ihe  (.  use  2 


When  the  laieasily  nt  electric  tield  is  decreased  trnm  Ihe  pniai  In 
pniai  I),  the  dnmaia  pnlari/alina  turns  hack  In  die  aearesi  ease 
direclinn  in  the  tavnur  nt  Inw  iag  the  iaiernal  energy  If  the  applieil 
electric  fielit  is  increased  further  in  the  mitius  directinri  from  the 
point  I)  to  point  F,  the  domain  polarizations  pointing  in  the  plus 
direclinn  are  reversed  This  may  involve  hoth  the  40"  and  ISO" 
domain  switching  processes.  Thus,  trom  eqs  (2)  and  (  ^).  we  have 


l((H)2) 


R  ,, 

”  ^  l(2(H)) 


»  -  • 

gl  |'H)"|I|,(2(M)) 


where,  nl+n:  +  gi  =|  ll  should  he  noted  that  no  ISO"  domain 
leversal  occurs  in  the  direction  (lerpendicular  to  the  applied  field 
I  hus,  eq  (7)  c;ui  expressed  as 


K  1 1,  , 


1)002) 

l(2(K)) 


n,|40")l|,(002)  +  n_,|  iso")  )pl(MI2) 
g,|4o"|l(2(HI) 


iKi 


=  in ,  +  g  I  )(i  :  where: 


111,140  11  ((M)2)  +  n_,  I  ISO  I  I  ,((M)2)| 


giTH)  |lp(200i(n|  +  g,) 

where,  tni  +  gii  =  l|-n:i.  which  is  a  consiar  epresenting  the 
vnuhne  traction  nt  total  40"  ilomains  m  the  material  ti  is  the  ratio 


nt  diltrative  inleiisitv  within  the  mni  volume  of  per  40"  domain  ir 
is  a  luclinn  nt  electric  Held  and  dependent  upon  the  entire  domain 
polarization  reversal  priKess  I’reciselv  speaking,  since  nnlv  ihe  On 
r  gi  I  portion  nt  40"  ilomains  lontiihules  to  the  dittraiinn  inlensiiv 
nt  R  (oi  ll 002 I/ll  200)  )  in  ecjlS).  thus,  the  conliihulinn  nt  rfO** 
domains  in  R  m  tlie  process  finm  point  D-  poini  F  should  not  he 
ex.iiilv  the  same  as  that  to  the  inlensiiv  R  in  the  process  trom  |ioinl 
O-  point  (  In  order  to  compare  the  leatuies  nt  these  two  domain 
reveisal  processes,  we  can  define  that  the  chiuiging  rate  of  ditlralion 
intensitv  is  the  same  w  itfiin  the  imil  volume  ol  |ier  40"  domain  with 
respect  to  these  two  domain  switching  processes  Iherefore.  fioin 
eq  IH),  one  should  have| 


dR  I  o  do: 

jp  'n  F  =(»i  +f:|)|40  I  14) 

=1.1,  +g|  )|40  1^1^,  I,,,. 

Naturally,  unlike  eq  l  h).  which  descrihing  a  pure  40" domain  vv. ill 
reorientation  process,  it  can  he  found  that  from  ei|  l4).  the 
changing  rate  of  R  as  a  function  of  the  electric  field  will  also  lie 
altected  hy  Ini+gi)  Ohvioiisly,  it  Ini+gii  is  equal  to  1,  the 
polarization  reversal  process  w  ill  he  a  pure  type  ol  40"  domain  one 
and  ei|  l4)  will  hecome  exactly  Ihe  same  as  eq  ihi  In  coiiiiasi.  it 
( o  1  +  g  1 1  is  equal  to  zero,  this  means  that  no  40"  ilomain  reversal  w  ill 


oiiui  anil  no  X  i.iv  uitoimatioii  can  tic  ohtamed  Fq  |4,  is  ,ui 
approximate  expression  vvhiili  is  picsisclv  valid  onl  .  it  large 
amounts  ol  40"  itoniaiiis  .ue  iiiv  ol v  mg  in  die  (hiI.u  izalioii  svv  iK lung 
piocesses  File  derail  discussions  i.m  he  touiid  m  .<el  |7| 
Compared  lo  eq  |4)  and  eq  (hi.  il  could  he  asserted  that  it  40" 
domain  wall  reoiienlalion  is  tlie  main  pioiess  m  ifie  (Xilarizalion 
switching  process  trom  point  1)  lo  point  F.  the  ctiangmg  rate  ot  die 
measured  latio  dR.  IF  would  Ive  shglttlv  less  than  those  trom  the 
point  ()  to  the  point  C  according  lo  eqa4i  hi  oihet  wonts,  the 
teatuie  of  domain  reveisal  piocess  trom  point  1)  to  point  F  is 
most  likely  a  pure  tviie  ol  40"  doniam  reorientalion  between 
point  1)  and  point  F  ( Onversely,  it  1X0"  domains  aie 
ptedominanlly  involving  die  polatization  reversal  process  tioni  tlie 
point  IJ  lo  Ihe  point  F.  the  changing  late  ol  the  measuied  ilR/dF 
woutd  he  mucli  smallet  tlian  tliai  trom  [loiiii  <)  lo  point  t  tx-cause 
ot  Ihe  small  tni  +gi )  Mere  we  assume  the  inleinal  energy  states  at 
points  ()  and  If  are  the  same  Fhis  assumption  is  .  in  practice, 
almost  tultiiied  In  sfiort.  et^  )4)  could  .  e  used  as  the  criteiion  toi 
qualilalively  evaluating  tlie  cliaiac lerisiics  of  the  dvnamic  heliav  lor 
of  domain  reoiientalion  processes  in  ceramics  in  terms  ot  .\  lay 
analysis  lecliniqiies 


.T22.  Kiperimental  ItesuJts  ruid  (  (tni-fusiuns 


In  practice,  in  order  to  son  out  the  mechanisms  of  dom,  n 
reorientation  in  the  cer.uiiic  s|X-iimen.s.  we  liave  lo  eximiine  hoth  tlie 
features  ot  the  dependence  ol  llhkl)  as  a  function  of  applied  elec  it  ic 
fields  ;uid  the  changing  rale  ol  li(H'2)/l(2IH))  as  a  function  of  the 
applied  electric  field  (or  dj  1((H)2)/(2(H))  )/dH  )  in  some  details 
I'ig  4  show  the  .\RI)  protiles  ot  (t)02)  luul  (2(H))  peaks  for  plate 
PZF  siunples  in  the  case  of  ditteieni  poUirizalion  orientations  It  c;ui 
he  seen  from  Fig  (4a)  that  when  the  immial  direction  of  the  plate  is 
|>eri>endicular  lo  the  polarization  diteclion,  the  (2(H))  peak  is  much 
higher  ih;u)  the  ((H)2i  |x-ak  of  the  sample.  Conversely,  for  samples 
with  Ihe  nonnal  direction  ot  Ihe  plate  parallel  lo  the  poling  direction. 


Figure  4  lire  .\RI)  profiles  ot  ((H)2)  luiil  (2(H))  peaks  for  plate  F//F 
•mpics  of  diflereni  orientation  of  polarization,  (a)  X-ray  intensitv 
profile  of  a  poled  ceriunic  plate  sample  with  its  nomra)  direction 
(>erpendicular  to  the  poling  cfirection  (h)  X-ray  intensity  profile  of  a 
poled  cerronic  plate  s.'utiple  w  ith  its  normal  direction  parallel  to  the 
pol'iig  direction,  (o  X-ray  intensity  profile  of  an  unpoled  ceramic 
sa'i  ole. 


40.^ 


as  shown  in  Fig. (4b),  the  (0()2)  peak  is  much  higher  than  (2()<)) 
peak.  Fig. (4c)  is  the  case  of  an  unploed  sample.  Since  no  preferred 
orientation  exists,  the  intensity  of  ( 2(K))  peak  is  about  twice  as  tliat  of 
(002)  peak. 

Fig  5  presents  the  ratio  l((K)2)/l(2IX))  as  a  function  of  the  applied 
electric  field  in  the  case  (11)  of  Fig. 2.  In  Fig. 5.  the  magnitude  of  the 
applied  electiic  field  at  points  U  and  D'  are  almost  exactly  e^ual  .o 
the  coercive  fields  of  the  P-  F  (  poUitizalion  -  electric  field)  hystersis 
loop  and  S-E  (strain-  electric  field)  hysterisis  loop  measured  at 
ultra-  low  frequency. 


Figure  5.  The  ratio  of  1(002 )/l(2()0)  as  a  function  of  the  applied 
electric  field  for  the  case  II  of  Fig.2. 

Since  the  ratio  1(002 )/l( 200)  represents  the  characteristics  of  00" 
domain  reversal,  it  indicates  that  the  cocevice  field  of  polarization 
switching  is  closely  related  to  the  90"  domain  reversal  in  this 
ceramic  sample. 

Fig.6  presents  the  ratio  of  1(002)/1(2(K))  as  a  function  of  the  applied 
electric  field  from  point  O  to  point  D'  for  the  case  I  of  Fig.2. 


Electric  Field  (100  V/cm) 


Figure  6  The  ratio  of  l(002)/l(200)  as  a  function  of  the  applied 
electric  field  for  die  ca.se  I  of  the  Fig  2. 


Table!  Changing  rale  of  l({X)2)/!(200)  v.s  the  applied  electric  field 
for  the  cases  of  Fig.6 


Lines  Slopes 


G  B 

(0  93  ±  0.2)  X  10  - 

(100  v/cnil 

B  C 

(4  2  ±  0  3)  X  10  - 

( 100  v/cm) 

D-E 

(1.1  +  0  2)  X  10  - 

( 100  v/cm) 

E  F 

(V2  +  0  3  )x  10  - 

( 100  v/cm) 

From  Tabled,  it  can  be  clearly  found  that  there  is  no  subsianii.il 
tlillerence  in  the  absolute  values  of  the  slopes  between  the  ()--  B 
line  and  the  D-E  line  or  between  the  B  -C  line  and  the  E  -F  line 
I  his  argument  strongly  suggests  that  the  enure  polarization 
reorientation  process  from  point  O  to  point  F  is  predominantly 

controlled  by  the  90"  domain  reversal  piocess  In  other  words. 
eq.(9)  could  he  approximately  satisfied  by  the  experimental  data 
ITie  estimated  value  of  (in  -i-gi )  is  around  0.7  -  0  8. 

dherelore.  it  can  be  concluded  that  the  90"  domain 
reorienialion  plays  a  major  role  in  terms  of  the  polarization 
switching  in  the  PZT  bulk  ceramic  with  the  composition  within  the 
morpholropic  phase  boundary. 
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Abstract 

This  work  is  concerned  with  the  phenomenological  anal¬ 
ysis  of  the  dielectric  loss  tangent  in  the  ferroelectric  phase  and 
its  application  to  iodinated  trissarcosine  calcium  chloride. 

1.  Introduction 

In  this  paper,  the  dielectric  loss  tangent  in  the  ferroelec¬ 
tric  phase  under  hydrostatic  pressure  is  phenomenologically 
presented,  and  the  effect  of  hydrostatic  pressure  on  the  dielec¬ 
tric  loss  tangent  of  iodinated  trissarcosine  calcium  chloride  is 
reported. 


2.  Phenomenological  Treatment  of 
Dielectric  Loss  Tangent 


The  electric  field  E"  and  the  permittivity  e*  as  a  function 
of  polarization  P*  in  the  ferroelectric  phase  are  expressed  on 
the  basis  of  the  free  energy  function  for  ferroelectrics  under 
hydrostatic  pressure  p  as  follows  [1]; 

£-  =  (n*+p»P’+rP*^-fC'P*‘  (1) 

=  u--l-p‘p-l-3rP‘'‘  +  5C‘P"'  (2) 

£’  -£o 

where  the  expansion  coefficients  u*,  g',  and  arc  phe¬ 
nomenological  constants,  and  all  complex  numbers  are  shown 
by  mark  *. 

As  the  polcirization  P*  in  the  ferroelectric  phase  is  the 
sum  of  the  spontaneous  polarization  Ps  and  the  polarization 
Pg*  induced  by  the  applied  electric  field  E‘  =  Pe-’"'  with 
angular  velocity  w, 

P*  =  Ps  +  Pe*  =  Ps  +  Poe^‘“‘'‘'>  (3) 


On  substituting  P*  in  eq.  (3)  for  eq.  (1),  and  putting 
A  =  Po/Ps,  fhe  following  equation  is  obtained: 

Pe-’'"'  =  A{2(( -f  2CPs")PsV“' 

A(3^  -I-  10CPs*)Ps^P‘^‘'''^‘' 

+  +  lOCPs")PsV>^'-"‘’) 

-I- 

■f  A'CPsV'^''"*-’} 

By  neglecting  terms  in  A  of  an  order  higher  than  2  in 
the  above  equation  because  of  /4  <<  1,  we  can  confirm  that 
the  phase  of  the  left  hand  side  in  the  above  equation  is  equal 
to  that  in  the  right  hand  side. 

When  the  complex  permittivity  is  expressed  by  the 
relation  e'  =  Sj  —  ja,  the  dielectric  loss  tangent  is  given  by 
the  formula  tan  S  =  . 

On  the  other  hand,  by  iieglecting  terms  in  P"  of  an 
order  higher  than  2  in  eq.  (2),  the  reciprocal  permittivity  of 
ferroelectrics  in  the  paraelectric  phase  is  obtained  as  follows: 


=  u’  +  g~p  =  (u  +  sp)e’*’ 


For  the  case  £i  >>  £o  applying  to  ordinary  ferro¬ 
electrics,  the  dielectric  loss  tangent  in  the  paraelectric  phase 
is  expressed  to  be  tan  8  =  tan  8^  from  the  above  equation. 

This  means  that  the  dielectric  loss  tangent  of  ferro¬ 
electrics  in  the  paraelectric  phase  corresponds  to  that  in  usual 
dielectrics,  whose  polarization  is  caused  by  the  lag  from  the 
applied  electric  field. 

In  view  of  the  facts  mentioned  above,  we  can  confirm 
that  phase  lags  of  all  the  expansion  coefficients  are  equal  to 

The  complex  permittivity  £*  in  the  ferroelectric  phase 
can  be  obtained  on  substituting  eqs.  (3)  and  (4)  for  eq.  (2) 
as  follows: 


where  Pq  is  the  magnitude  of  induced  polarization,  and  fij  is 
the  phase  lag  of  the  induced  polarization  P^  behind  the  phase 
of  the  applied  electric  field  £*. 

As  there  is  no  induced  polarization  when  an  external 
field  is  not  applied  to  ferroelectrics,  Pq  =  0,  Ps  ^  0  at  E'  =  0. 

On  putting  the  above  relation  into  eqs.  (1)  and  (3),  we 
ob'.ain  the  following  equation; 


u  ^g-pACPs"  -^CPs^  =  ^  (4) 


2(f  +  2CPs*)Ps'e’'' 

-h  2A[Zi  +  lOCPs'jPs'e^"' 

-b  3A*(e -I- 10CPs’)Ps'e-’‘^'-‘‘> 

-b  20A®CPs^e^'^'‘^*‘’ 

-b 


By  comparing  the  real  and  imaginary  parts  in  the 
right  hand  side  with  those  in  the  left  hand  side,  the  following 
relations  must  be  satisfied: 


CM.b()S()-0-780.f-()46,'5-h/92$3.0()  ©IEEE 
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1  ^  2(^  +  2CPs’)P.’co3  6, 

(£i  -  eo)^  +  £3* 

+2A(3J  +  10CPs*)Ps*coawi 
+3A*(e  +  \0(:Ps^)Fs"cos2iut  -  ^6,) 
+0{A^) 


_ £j _ 

(£|  -  io)^  +  £3^ 


2(|+2CPs')Ps'sin«. 

+2A(3$  +  10CPs")Ps"sinu;< 
+3A^(f  +  10CPs^)Ps^s\n2{wt  - 
+0'(A") 


where  0(A®)  and  0'(A*)  stand  for  the  small  quantity  includ¬ 
ing  terms  A  of  an  order  higher  than  3. 

By  putting  the  above  relations  into  tan  6  =  es/ci,  the 
dielectric  loss  tangent  in  the  ferroelectric  phase  is  obtained  as 
follows; 

tan  6  =  /l  -h  —  —  ^  ---  X  A  sin  ljI  +  0"{A'^)  | 

I  (^  +  2C/^s^)sm5,  ’] 

X  tan  6, 


where  0"(A*)  stands  for  the  small  quantity  including  terms 
A  of  an  order  higher  than  2 

The  root  mean  square  of  tan  6  with  respect  to  time  I 
is  as  follows: 


<  tan  6  >  ~ 


1-f  ^A^ 


(3^  +  lOCPs^)^ 

((  +  2CP5')'sin^i, 


X  tan  5i 


(5) 


By  using  eq.  (5),  we  will  show  the  pressure  and  dc 
electric  field  dependence  of  tan  (5  in  the  ferroelectric  phase 
for  the  second  and  the  first  phase  transiti( 


2.1  Second  order  phase  transition 


On  putting  C  =  0  ^9-  (3),  we  obtain  the  following 

equation: 


<  tan  (5  >  ~  \/l  +  -A^cosec^^i  x  tanij  (6) 

By  substituting  relations  A  =  Po/Ps  and  Ps^  = 
-(u+gp)l(  [1]  for  eq.  (6), 


<  tan  6  >  ~  ,/l 


where 


sin^  5i 
9^  Pa' 


x  tan^i 


(7) 


(8) 


2(u  +  gp) 

'I'hc  above  equation  shows  the  pressure  dependence  of 
tan  b  in  the  ferroelectric  phase. 


by 


When  C  =  0i  the  applied  electric  field  is  expressed 


£•  =  £0  +  EP'- 


where  Eq  is  the  dc  electric  field  and  E  is  the  very  small  ac 
electric  field  {E  <<  Eo)  which  is  applied  for  measuring  tan  6, 
the  electric  field  dependence  of  tan  8  is  obtained  by  putting 
A  (=  Po/Ps)  in  eq.  (6)  and  Ps  into  eq.  (1)  as  follows: 


Eo 


^u  +  <?p-h{ 
3Po 


\,v/2 


1 


^tan^  6  -  tan^  61 


(9) 


y^tan^  6  —  tan^  61 

where  tan^^i  <<  1  and  A  <<  1. 

2.2  First  order  phase  transition 

The  spontaneous  polarizations  as  a  function  of  hydro¬ 
static  pressure  p  is  expressed  as  follows  [1]: 

n3_ 


and 


2C 


Psc  - 

at  a  transition  pressure  pc  or  a  transition  temperature  Tc. 
On  putting  the  above  relations  into  eq.  (5), 


<  tan  (5  >  ~ 


1  - 


CPo^(2  +  5;3)» 

^(l+^)/3^sin’6, 


X  tan  <5,  (10) 


where 


■l(n  +gp)C 


(11) 


and 


<  tan  6  >  ~ 


1  - 


S-lCPo' 


^  ^sin^6i 


X  tan  81 


(12) 


at  a  transition  pressure  pc- 

3.  Pressure  Dependence  of  Dielectric  Loss 
Tangent  of  lodinated  Trissarcosine 
Calcium  Chloride 

lodinated  trissarcosine  calcium  chloride 
(CH3NHCH2COOH)3CaCl2(i_j:)l2j:  (abbreviated  as 
TSCCi_xIi  )  is  a  ferroelectric  with  a  second  order  phase 
transition,  and  it  changes  from  the  ferroelectric  phase  to  the 
paraelectric  phase  with  increasing  temperature  and  with  de¬ 
creasing  pressure. 

The  TSCC|_,,Ir  crystal  was  grown  from  an  aqueous 
solution  of  calcium  chloride  and  calcium  iodide  and  sarcosine 
in  stoichiometric  proportions  by  the  slow  evaporation  method 
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at  30°C.  Since  the  growth  features  of  TSCCi-iIr  are 
multitwinned,  non-twinned  parts  were  chosen  by  means  of  a 
polarizing  microscope.  The  molar  fraction  of  iodide  in  a 
specimen  was  determined  to  be  i  =  0.1  by  the  chemical 
absorptiometric  method.  Each  plate  was  cut  out  perpen¬ 
dicular  to  the  b-axis  from  a  crystal  and  mirror-polished  with 
No.  1500  AI2O3  powder. 

From  the  dielectric  measurement  of  TSCC0.9I0.1  at 
-165°C  and  — 156.5'’C,  the  phenomenological  coefficients  are 
[2]: 

g  —  —3.8  X  10'°m/Fkbar 

^  =  4.1  X  10'®mVFC^ 

u  =  1.45  X  10'°m/F  for  —  165°C 

u  =  4.1  X  10'“m/F  for  —  156. 5°C 

,  the  polarization  induced  by  the  ac  electric  field  of  5V/cm  is 
Pq  =  3.2  X  10"®C/m’,  the  value  of  the  dielectric  loss  tangent 
in  the  paraelectric  phase  is  tan5i  =  1.5  x  10“^,  and  A  = 
Po/Ps  =  7.11  X  10"^ 

The  pressure  dependence  of  the  dielectric  loss  tangent 
tan  6  calculated  from  eq.  (7)  is  shown  by  Fig.  1. 


It  is  found  that  the  dielectric  loss  tangent  in  the  fer¬ 
roelectric  phase  at  pressures  above  the  transition  pressure 
Pc  0.38kbar  for  -  165°C,  1 .07kbar  for  —  156.5“C  )  decrccises 
rapidly  near  pc  and  then  gradually  with  increasing  pressure. 
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Fig.  1  Pressure  dependence  of  the  dielectric  loss  tangent  (tan  S )  of  iodinated  trissarcosine 
calcium  chloride  TSCCoglgj  in  the  ferroelectric  phase  at  -156.5  °C  and  -165  °C. 
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ABSTRACT 

The  electrical  properties  of  lead  zirconate  titanate  (PZT) 
films  were  investigated  on  Pt  and  RuO^  electrodes.  Films  with 
compositions  close  to  the  morphotrophic  phase  boundary  showed 
high  P,  and  low  E^■  values  on  RuO^  electrodes.  No  significant 
fatigue  was  observed  in  the  films  on  RuO,  electrodes  up  to 
2x10“  test  cycles.  The  degradation  properties  were  studied  as  a 
function  of  film  thickness  by  an  accelerated  unified  test  which  can 
evaluate  fatigue  and  breakdown  simultaneously.  It  was  observed 
that  thinner  PZT  films  on  RuO,  electrodes  show  better  electrical 
properties. 


INTRODUCTION 

Recently,  there  has  been  a  renewed  interest  in 
ferroelectric  materials  for  nonvolatile  memory  applications. 
Ferroelectric  memories  offer  distinct  advantages  over  other 
nonvolatile  memories  in  terms  of  faster  access  times,  lower 
operating  voltages,  wider  operating  temperature  range  and 
radiation  hardness.  However,  the  lifetime  of  ferroelectric 
memories  is  an  important  factor  that  needs  to  be  considered 
before  it  can  be  applied  commercially.  Degradation  problems 
such  as  fatigue,  ageing  and  low  voltage  breakdown  are  known  to 
affect  the  lifetime  of  ferroelectric  devices. 

In  an  earlier  work  Desu  and  Yoo'  have  proposed  an 
electrochemical  model  for  failure  in  oxide  perovskites  (a 
promising  class  of  ferroelectric  materials  for  memory 
applications).  In  the  present  work,  an  attempt  has  been  made  to 
improve  the  degradation  properties  of  oxides  ferroelectrics  based 
on  the  conclusions  of  this  model. 

According  to  the  model,  the  degradation  phenomena  such 
as  fatigue  can  be  minimized  by  controlling  the  nature  of  the 
electrode-ferroelectric  interface.  The  model  also  suggests  ceramic- 
conducting  oxide  electrodes  as  possible  replacements  for  metal 
electrcjdes  in  thin  film  ferroelectric  capacitors. 

This  paper  investigates  the  degradation  phenomena  in 
ceramic  elec'  le  ferroelectric  capacitors.  Lead  zirconate  titanate 
(PZT)  films  V.  ;e  used  in  this  study  as  the  ferroelectric  material 
because  of  their  good  electrical  properties,  wide  operating  range 
and  very  good  stability  under  a  wide  range  of  operating 
conditions.  In  an  earlier  work^  we  have  shown  that  ruthenium 
oxide  electrodes  show  excellent  barrier  properties  to 
interdiffusion  of  various  elements  in  the  ferroelectric  PZT 
material  and  the  Si  substrate  during  high  temperature  processing 
(around  650°C)  compared  to  other  ceramic  electrodes  such  as 
indium  tin  oxide  (ITO),  ZrN  and  TiN’.  Thus,  the  obvious  choice 
of  the  ceramic  electrode  for  this  study  was  ruthenium  oxide.  The 
PZT  films  were  deposited  on  Si/Si02/Ru0,  substrate  using  the 
sol-gel  method  and  characterized  thereafter  to  investigate  the 
degradation  properties. 


EXPERIMENTAL  PROCEDURE 

Thin  films  of  ruthenium  oxide  were  rcactively  sputtered  in 
an  argon-oxygen  atmosphere  at  a  gas  pressure  of  10  mTorr  and 
at  a  substrate  temperature  of  200“C.  The  films  were  deposited  to 
a  thickness  of  400  nm  on  thermally  oxidized  Si  substrate. 

Sol-gel  derived  PZT  films  were  then  spin  coated  on  the 
electrodes.  The  PZT  precursors  were  prepared  from  a 
metallorganic  (0.4M)  solution  of  lead  acetate,  zirconium  n- 
propoxide  and  titanium  iso-propoxide  dissolved  in  acetic  acid  and 
n-propanol.  The  solutions  were  hydrolyzed  to  form  the 
precursors.  Precursors  of  different  compiositions  were  prepared 
by  varying  the  ratios  01  zirconium  n-propoxide  and  titanium  iso- 
propoxide  to  obtain  PZT  films  with  different  Zr/Ti  content.  The 
precursor  preparation  method  was  similar  to  that  suggested  by  Yi 
et  aP  and  more  specific  details  can  be  obtained  from  this 
reference.  The  films  were  spin  coated  at  1500  rpm  for  20  sec  and 
dried  subsequently  at  150°C  for  5  min  to  obtain  a  thickness  of 
150  nm.  The  spin-dry  cycle  was  repeated  to  obtain  any  other 
desired  thickness  of  the  films. 

The  coated  films  were  then  annealed  at  650“C  for  30  min 
in  air.  The  films  were  characterized  using  EDAX  and  XRD  to 
confirm  the  composition  and  the  formation  of  complete 
perovskite  phase  in  the  films,  respectively.  Ruthenium  oxide  fop 
electrodes  were  then  sputter  deposited  on  the  films  under 
conditions  similar  to  the  bottom  electrode  deposition. 

Hysteresis,  fatigue  and  breakdown  properties  of  the  films 
were  evaluated  using  the  RT66A  standardized  ferroelectric  test 
system.  An  external  pulse  generator  (HP8116A)  was  used  to 
obtain  the  desired  input  signal  during  the  test.  DC  leakage 
current  measurements  were  performed  using  a  Keithley  617 
electrometer. 


RESULTS  AND  DISCUSSION 

The  hysteresis  properties  of  PZT  films  of  different 
compositions  (30/70,  40/60,  53/47,  65/35  and  75/25  ;  all  annealed 
at  650°C  for  30  min  in  air)  on  RuO,  electrodes  were  measured 
using  the  RT66A  standardized  tester.  All  the  samples  were 
coated  to  a  thickness  of  450  nm.  The  films  with  Zr/Ti  ratio  of 
53/47  showed  higher  remanent  polarization  (  —20  #iC/cm‘)  and 
lower  coercive  field  values  (—30  kV/cm).  A  typical  hysteresis  loop 
obtained  from  this  sample  is  shown  in  figure  1.  The  53/47 
composition  is  close  to  the  morphotrophic  phase  boundary 
(MPB)  in  the  PZT  phase  diagram.  At  compositions  close  to  the 
MPB,  both  tetragonal  and  rhombohcdral  phases  co-exist  and 
therefore  there  are  a  larger  number  of  polarization  directions 
that  can  be  u.sed  for  domain  switching.  This  explains  the  higher 
Pj  values  and  lower  values  that  we  observe  for  the  53/47  films. 
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Fig.l  A  Typical  Hysteresis  Loop  Obtained  from 
RuOx/PZT/RuOx  Capacitors. 


Test  cycles 


Fig.  2  Comparison  of  F-oliguc  Properties  of 
PZT  films  (;ii  Ft  and  RuOx  Eh.’ctrodes. 

The  fatigue  properties  of  RuOyPZT/RuO,  films  and 
Pt/PZT/Pt  are  compared  in  figure  2.  The  fatigue  properties  were 
measured  under  accelerated  test  conditions  using  1  MHz  square 
wave  and  an  electric  field  of  0.16  MV/cm.  As  expected,  the  films 
showed  early  loss  of  polarization  on  Pt  electrodes.  PZT  films  did 
not  show  any  fatigue  on  RuO,  electrodes  up  to  2  x  10"  cycles. 
As  shown  in  figure  2,  there  was  no  significant  difference  in  the 


hysteresis  properties  of  the  films  before  and  after  the  fatigue 
cycling.  This  result  is  consistent  with  the  model  proposed  by  I>esu 
and  Yoo*  for  fatigue  of  oxide  ferroelectrics  on  ceramic 
electrodes.  The  use  of  a  ceramic  elearode  for  a  ferroelectric 
ceramic  capacitor  reduces  the  work  function  difference  and 
lattice  mismatch  at  the  interface.  Thus,  the  interface  is  relatively 
more  stable  when  compared  to  metal  electrode-oxide 
ferroelectric  capacitors.  Under  an  alternating  polarity,  the 
tendency  for  oxygen  vacancies  to  become  entrapped  at  the 
interface  is  reduced.  The  reduced  entrapment  decreases  the 
structural  damage  to  the  interface  and  hence,  no  significant  loss 
in  polarization  is  observed  in  the  films. 

An  accelerated  unified  test  develop)ed  by  Yoo  and  Dcsu’ 
was  used  to  evaluate  the  breakdown  phenomena  in  PZT  films  on 
RuO,  electrodes.  This  test  combines  the  effect  of  temperature, 
voltage  and  cycling  frequency  to  accelerate  the  test  conditions 
and  can  measure  the  fatigue  and  breakdown  properties  of  the 
films  simultaneously.  The  films  were  fatigued  at  200°C  at  a 
frequency  of  1  MHz  (square  wave)  and  electric  field  of  0.16 
MV/cm.  The  results  of  this  test  are  shown  in  figure  3^.  While  the 
films  show  very  early  breakdown  (within  2  x  lO’  cycles)  on  Pt 
electrodes,  no  fatigue  or  breakdown  was  observed  on  RuO, 
electrodes. 

Similar  tests  were  performed  on  RuO^ZT/RuO, 
capacitors  as  a  function  of  PZT  film  thickness.  The 
measurements  were  conducted  at  200°C  and  300“C.  Figure  4 
compares  the  results  of  the  fatigue/breakdown  test  for  150  nm 
and  450  nm  films  at  200°C.  At  this  temperature,  either  of  the 
films  do  not  show  any  fatigue  or  breakdown.  Although  the 
polarization  values  for  both  the  films  do  show  some  degree  of 
asymmetry  in  the  positive  and  negative  cycling,  the  effect  is  more 
pronounced  in  the  thicker  sample.  The  asymmetry  is  estimated 
to  arise  form  differences  in  contact  between  RuO,  and  PZT  at 
the  top  and  bottom  electrodes.  The  bottom  electrode  has 
undergone  a  thermal  annealing  cycle  with  the  PZT  film  on  top  of 
it  while  the  top  electrode  in  the  final  device  structure  remains  as- 
deposited. 

At  300°C,  the  thicker  films  begin  to  show  electrical 
degradation  above  10*  cycles  as  shown  in  figure  5.  However, 
there  is  a  high  degree  of  asymmetry  in  the  degradation.  As  is 
evident  form  fig.  5,  the  degradation  occurs  essentially  at  the 
bottom  electrode.  We  believe  that  this  may  be  due  to  a  low 
Schottky  barrier  height  at  the  bottom  electrode  at  higher 
temperatures.  It  is  possible  that  there  is  interlayer  formation  at 
the  interface  between  the  bottom  electrode  and  the  PZT  films 
due  to  thermal  processing  at  high  temperatures  that  causes  the 
comfxjsitional  gradient  at  the  interface  to  be  low.  At  high 
temperatures,  the  oxygen  vacancy  migration  through  the  interface 
is  greater  leading  to  ionic  conduction  and  consequent  degradation 
of  the  films.  For  the  thinner  films,  the  low  concentration  of 
defects  could  result  in  reduced  migration  of  vacancies  through 
the  interface.  Thus  the  jjossibility  of  ionic  conduction  leading  to 
degradation  is  less. 

Earlier  work’  on  the  current-voltage  characteristics  of 
PZT  films  on  Pt  and  RuO,  electrodes  have  shown  that  the  films 
on  RuO,  electrodes  show  higher  leakage  current  levels  compared 
to  platinum.  However,  it  has  been  pointed  out  that  the  pre¬ 
breakdown  range  is  longer  on  RuO,  electrodes  whereas,  the 
breakdown  occurs  abruptly  on  Pt  electrodes.  This  is  evident  from 
the  results  of  the  accelerated  test  shown  in  figure  3.  In  general, 
at  high  temperatures  there  is  a  loss  in  polarization  and  an 
increase  in  leakage  current  level  in  the  ferroelectric  films.  In  this 
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case,  under  an  alternating  field  the  leakage  current  level  remains 
almost  constant  at  high  temperatures  on  RuO,  electrtxles 
whereas  the  films  show  an  abrupt  breakdown  at  2x  10*  on  Pt 
electrodes.  The  W  characteristics  of  RuO/PZT/RuO,  films 
under  a  DC  field  were  studied  as  a  function  of  film  thickness. 
The  results  are  shown  in  figure  6.  At  any  particular  electric  field, 
a  lower  current  level  is  observed  for  thinner  films.  Also,  the 
breakdown  field  is  higher  for  thinner  films.  The  increase  in 
breakdown  field  for  thinner  films  could  be  the  result  of  bettc* 
contact  between  the  electrode  and  the  PZT  films,  resulting  in 
relatively  higher  Schottky  barrier  height  at  the  interface.  Thus, 
the  passage  of  ions  through  the  interface  is  low  over  a  wide  range 
of  applied  voltages  leading  to  a  longer  pre-breakdown  range. 


SUMMARY 

The  degradation  phenomena  in  PZT  thin  films  capacitors 
was  investigated  using  Pt  and  RuO,  electrodes.  The  hysteresis 
properties  of  PZT  films  were  measured  for  different  compositions 
(Zr/Ti  ratios)  on  RuO,  electrodes.  The  films  with  composition 
close  to  the  morphotrophic  phase  boundary  showed  higher  P,  and 
lower  E,  values.  PZT  films  did  not  show  any  significant  fatigue  up 
to  2  X  10’*  cycles  on  RuO,  electrodes  while  early  fatigue  was 
observed  on  Pt  electrodes.  The  degradation  properties  of  the 
films  on  RuO,  electrodes  were  evaluated  as  a  function  of 
measurement  temperature  and  film  thickness  using  an 
accelerated  unified  test  that  combined  the  effect  of  voltage, 
tempterature  and  cycling  frequency.  The  thinner  films  showed 
better  degradation  properties  even  at  high  temperatures.  Also, 
under  a  DC  field  the  thinner  films  showed  lower  leakage  current 
and  higher  breakdown  fields.  The  reasons  for  these  observations 
could  be  attributed  to  the  differences  in  the  Schottky  barrier 
height  due  to  better  contact  between  the  electrode  and  the 
ferroelectric  and  lower  defect  concentration  with  decreasing 
thickness  of  the  films. 
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ABSTRACT 

Lead  Lanthanum  Titanate  (PLT)  thin  films  corresponding  to  28 
mol%  of  La  were  fabricated  by  metalorganic  decompositon 
(MOD)  process  .  The  films  were  made  from  two  solutions  of 
different  compositions.  In  the  first  case  it  was  assumed  that  the 
single  unbalanced  positive  charge  of  La^"^  gives  rise  to  A-site  or 
Pb  vacancies  whereas  the  other  solution  assumed  the  creation  of  B- 
site  or  titanium  vacancies.  Optical  and  electrical  measurements 
indicated  that  the  films  made  assuming  B-site  vacancies  had  better 
properties.  It  was  also  found  from  x-ray  diffraction  patterns  that 
the  films  were  cubic  at  room  temperature.  The  films  showed  high 
resistivity  and  good  permittivity  values.  The  highest  permittivity  at 
room  temperature  was  1285.  The  resistivity  values  at  room 
temperature  were  as  high  as  lO'^ohm-cm. 


INTRODUCTION 

Increasing  demand  for  miniaturization  in  the  electronics  industry 
has  sparked  a  special  interest  in  high  dielectric  constant  materials. 
PLT  materials  owing  to  their  very  high  dielectric  constant  in  bulk 
form  are  among  the  most  sought  after  candidates  for  the  potential 
application  in  64-  and  256-  Mb  Dynamic  Random  Access 
Memories{DRAMs)  among  other  applications.  Also  preparation 
and  characterization  of  PLT  in  the  thin  film  form  makes  it  directly 
compatible  for  integration  in  the  memory  technology. 

With  the  above  mentioned  motivation  thin  films  of  PLT  were 
fabricated  using  metalorganic  decomposition  process.  The  MOD 
process  offers  several  advantages  such  as  low  processing 
temperatures,  close  compositon  control,  ease  of  fabrication, 
relative  inexpense,  and  greater  homogeneity.  ’ 


modifier.  The  essential  steps  of  the  solution  making  procedure  are 
shown  in  Fig.  1.  To  prepare  a  0.4M  solution,  approximately  lOg  of 
propanol  was  added  to  a  weighed  amount  of  titanium  isopropoxide 
and  stirred  in  an  uln'asonic  bath  for  5  minutes  to  facilitate  proper 
mixing.  Then  approximately  5g  of  acetic  acid  was  added  to  this 
system  and  was  mixed  in  the  ultrasonic  bath  ('USB'  in  the  figure)  . 
Then  lanthanum  acetate  was  added  to  the  system  followed  by  the 
addition  of  lead  acetate.  Proper  dissolution  was  obtained  by 
heating  the  system  to  60-70  °C  in  the  ultrasonc  bath  (USB)  for  10- 
15  minutes.  After  the  precursors  dissolved  completely 
approximately  5g  of  acetic  acid  was  added.  And  finally  propanol 
was  added  to  make  the  total  volume  50  ml.  By  this  process,  very 
clear  solutions  were  consistently  obtained.  The  solution,  however, 
didnot  have  a  long  batch  life. 


Titanium  Isopropoxide 
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Fig.l  The  flow  diagram  for  solution  preparation. 


Because  La^*  has  an  ionic  radius  comparable  to  the  Pb^*  ions  it 
occupies  the  comers  or  A-sites  in  the  tetragonal  perovskite 
structure  of  PbTiO,.^  There  are  two  possible  ways  of  neutralizing 
the  extra  positive  charge  from  the  La  addition— creation  of  the 
lead  or  titanium  vacancies.  The  chemical  formula  for  PLT  can, 
therefore,  be  expressed  in  either  of  two  forms  depending  on  the 
type  of  vacancies : 

(A)  Pb|.j  5xLa^Ti03,  or 

(B)  Pbj.^LajjTi].  25x03 

In  the  present  study,  thin  films  were  fabricated  using  both  the 
formulae  and  their  properties  were  compared. 

EXPERIMENTAL  PROCEDURE 
Solution  Preparation 

The  precursors  used  to  make  the  solution  for  PLT  film  fabrication 
were  lead  acetate  trihydrate  PbfCHjCOOlj.SHjO  from  Fisher, 
aqueous  solution  of  lanthanum  acetate  LafCHjCOO),  Molycorp, 
and  titanium  isopropoxide  Ti(OCH(CH5)2)4  from  Fisher.  Acetic 
acid  and  n-propanol  were  both  used  as  the  solvent  and  chemical 


Fabrication  of  Thin  Films 

Thin  films  were  spin-coated  on  the  substrates  using  a  photoresist 
spinner  (Headway  Research  Inc)  at  an  rpm  of  1 500  for  30  seconds. 
Sapphire  substrates  were  used  for  optical  property  characterization 
while  PtyTi/Si02/Si  substrates  were  used  for  dielectric 
measurements.  After  coating  the  films  were  baked  at  150C  for  5 
minutes  to  dry  out  the  volatile  organic  medium.  This  cycle  was 
repeated  until  the  desired  thickness  was  obtained.  After  the  last 
coating,  the  films  were  dried  for  15  minutes. 

The  films  were  then  annealed  at  elevated  temperatures  and  their 
structure  was  studied.  The  heat  treatment  was  always  done  in  air 
for  30  minutes. 

Characterization  Procedure 

The  crystal  structure  of  the  films  was  characterized  by  x-ray 
diffraction.  Scanning  electron  microscopy  was  used  to  study  the 
microstructure.  The  thickness  of  the  film  was  estimated  by  weight 
difference  and  also  more  accurately  by  the  optical  transmission 
spectra. 
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The  optical  properties  of  the  films  deposited  on  sapphire  were 
measured  using  a  UV-VIS-NIR  spectrophotometer  (UV-3101PC, 
Shimadzu  Corpn).  The  envelope  method  was  employed  to 
calculate  the  rcfiactive  index  and  the  thickness  of  the  film.’ 

For  electrical  measurements  the  films  were  spin  coated  on 
PtTi.  Si02/Si  and  after  appropriate  heat  treatment  tup  electrodes  of 
palladium  were  sputtered  using  vacuum  evaporation.  The  area  and 
thickness  of  the  top  electrode  were  2  IxlO"*  cm’  and  400  nm 
respectively.  The  dielectric  constant  and  loss  measurements  were 
done  using  the  HP4192A  impedance  analyzer.  The  time  dependent 
dielectric  breakdown  study  was  done  on  the  RT66A  standardized 
ferroelectric  tester. 

RESULTS  AND  DISCUSSION 


Crystal  Structure 

As  mentioned  in  the  introduction  thin  films  were  prepared 
assuming  both  A-  and  B-site  vacancies.  For  convenience  they  will 
be  referred  to  as  type-A  film  and  type-B  film,  respectively.  The  x- 
ray  diffraction  patterns  for  both  films  were  very  similar.  The 
variation  in  the  x-ray  diffraction  pattern  as  a  function  of  annealing 
temperature  for  the  type-A  film  is  shown  in  Fig.  2.  The  structure 
is  single  phase  cubic  with  lattice  parameter  a  =  3.924  A.  Also 
before  perovskite  phase  formation  no  other  phases,  such  as  the 
pyrochlore  phase  appeared.  There  was  no  change  in  the  intensity 
of  the  diffraction  peaks  beyond  600C  indicating  that  the  perovskite 
phase  formation  completed  somewhere  between  550  and  600  C. 
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Fig.2  XRD  pattern  as  a  function  of  annealing 
temperature  (film  A  on  sapphire). 


I  lie  film  surfaces  do  not  show  much  morphological  features.  Two 
typical  SEM  micrographs  are  shown  in  Fig,  3  for  films  annealed  at 
600''C  tor  30  minutes.  Fig.  3  shows  the  structure  of  type-A  film 
and  as  can  be  seen  the  film  has  small  dark  regions  throughout  the 
micrograph.  This  could  be  either  due  to  porosity  or  the  presence 
of  amorphous  phase.  The  micrograph  of  film-B  in  Fig.  3(b)  shows 
very  fine  microstructure.  Typical  grain  size  for  these  films  range 
from  0. 1  micron  to  0.2  micron.  The  larger  regions  on  the  film 
might  be  clusters  of  grains. 


Fig.3a  SEM  micrograph  of  film  A  annealed  at  60(fC  for  30  min 


Fig.3b  SEM  micrograph  of  film  B  annealed  at  600°C  for  30  n*.  n 
Optical  Properties 

Measurement  of  optical  properties  brought  about  the  most  striking 
difference  between  type-A  and  type-B  films.  Upon  heat  treatment 
the  films-A  invariably  start  becoming  cloudy  after  50OC  though 
they  are  quite  transparent  before  that  temperature  and  yield 
transmission  curves  more  or  less  similar  to  the  type-B  films.  The 
dark  regions  in  the  micrograph  of  type-A  film  in  Fig.  3(a)  might 
have  some  deleterious  effect  on  the  optical  properties.  Even  in  the 
case  of  bulk  PUT  formula  A  consistently  does  not  give  transparent 
samples.^  Further  work  in  this  direction  is  underway. 

The  transmittance  vs.  wavelength  pattern  is  therefore  not  reliable 
after  500C  for  type-A  films.  On  the  other  hand  type-B  films  give 
excellent  transmittance  curves  and  the  transparency  is  always  very- 
good.  However,  it  was  found  that  for  a  given  annealing 
temperature  below  500C  refractive  index  was  higher  for  type-A 
than  for  type-B  films. 

The  refractive  index  and  the  thickness  calculated  from  the 
transmittance  vs.  wavelength  curve  using  the  envelope  method  are 
showTi  in  Fig.  4  for  bothtype-A  and  type-B  films.  The  refractive 
index  value  was  found  to  be  around  1.96  for  perovskite!  above 
500C  )  type-B  films, 

DlELECTRir  PROPERTIES 

The  dielectric  constant  and  the  loss  tangent  values  as  a  function  of 
applied  frequency  at  1  V  (or, field  of  30kV  cmi  for  type-.A  and 
type-B  films  are  plotted  in  Fig.  5.  The  permittivity  and  the  loss  in 
general  both  decrease  with  increasing  frequency.  The  type-B  films 
showed  higher  dielectric  constant  as  well  as  slightly  higher 
dielectric  loss  than  type-A.  As  is  shown  in  the  figure,  at  around 
IMHz  the  dielectric  permittivity  as  well  as  the  loss  value  starts 
increasing  rapidly  with  frequency.  It  might  be  due  to  resonance  in 
the  electrical  test  circuit.’  It  was  also  observed  that  decreasing  the 
applied  field  value  results  in  an  increase  in  the  dielectric 
permittivity  value. 
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The  change  in  the  value  of  permittivity  with  temperature  is  shown 
in  Fig.  6  for  the  type-A  film.  The  behavior  for  type-B  was  similar. 


O  — O  I  kti;  PLI(28) 

•  —  •  10  Thickness  =  350«^ni 

Ci - 100  kHz  o  ir  na  2 

*-*500  kH,  A,eo  =.  2  lE-04  cm2 


Fig.4a  Refractive  index  of  film  A  as  a 
function  of  annealing  temperature 
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Fig.6  Variation  in  the  dielectric  constant  of  PLT  (28) 
films  with  temperature  (film  A). 
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Fig.4b  Refractive  index  and  film  thickness  of  film  B  as  a 
function  of  annealing  temperature. 
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The  breakdown  of  the  dielectric  after  a  certain  period  of  time 
under  a  fixed  applied  field  lower  than  its  breakdown  strength  is  an 
important  parameter  that  governs  the  performance  of  the  dielectric 
in  the  memory  capacitor.  RT66A  tester  was  used  to  measure  the 
performance  of  PLT  thin  film  with  time  at  a  fixed  applied  dc 
voltage  of  20  volts.  At  room  temperature  the  value  of  resistivity  is 
very  high  and  even  at  the  voltage  level  as  high  as  20  V  no 
breakdown  was  observed  for  more  than  three  decades.  However 
the  same  film  showed  much  lower  levels  of  resistivity  and  a  sharp 
drop  in  resistivity  after  one  and  half  decades  when  the 
measurement  was  done  at  300C(Fig.  7(a)  and  7(b))  indicating  the 
drastic  impact  of  temperature  on  the  performance  of  the  memory 
cell. 


( It  ii"'  lid  1  f  1  f  6 


.  y  (H;) 


Fig.5a  Dielectric  constant  and  loss  tangent  for  film  A 
as  a  function  of  applied  frequency. 
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Fig.5b  Dielectric  constant  and  loss  tangent  for  film  B 
as  a  function  of  applied  frequency. 


Fig.7a  Time  dependent  dielectric  breakdown  (TDDB)  behavior 
of  PLT  (28)  at  room  temperature  at  an  applied  voltage 
20  V. 
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Fig.  7b  TDDB  behavior  of  PLT  (28)  at  300°C  at  an  applied 
voltage  of  20  V. 


CONCLUSIONS 

PLT  thin  films  having  28  mol%  La  were  fabricated  successfully 
using  metalorganic  decomposition.  The  films  were  made 
corresponding  to  two  different  formulae;  assuming  A  site  and  B- 
site  vacancy  compensation,  respectively.  The  dielectric 
permittivity  was  higher  for  type-B  films.  Moreover,  type-A  films 
became  cloudy  as  the  annealing  temperature  was  increased  over 
500C.  In  other  words,  type-B  film,  which  had  an  excess  lead 
gave  more  transparent  films.  Therefore  it  can  be  concluded  that 
assuming  B-site  vacancies  results  in  better  quality  PLT  films.  The 
best  dielectric  permittivity  value  obtained  at  the  applied  voltage 
level  of  1  .OV  was  1285  while  the  lowest  loss  value  was  0.D3. 
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THE  USE  OF  DESIGN  O!^  EXPERIMENTS  TO  EVALUATE  THE  RELIABILITY  OF 
FERROELECTRIC  NONVOLATILE  MEMORIES 
T.  D.  Hadnagy,  S.  N.  Mitra,  D.  J.  Sheldon 

Ramtron  International  Corporation,  1850  Ramtron  Drive,  Colorado  Springs,  CO  80921 


A  full  factorial  experiment  was  performed  on  4K  ferro¬ 
electric  random  access  memory  (FRAM*)  devices  to 
determine  their  fatigue  performance  as  a  function  of 
fatigue  temperature,  fatigue  voltage,  read/write  voltage, 
pattern,  and  number  of  cycles  of  fatigue.  The  resulting 
response  surface  of  short  term  retention  (10  seconds  at 
80°C)  and  long  term  retention  (40  hours  at  1(X)°C),  as 
wen  as  product  functionality  were  the  metrics  used  to 
evaluate  the  product  performance.  An  empirical  model 
was  used  to  predict  yields  and  product  performance. 
Based  on  this  model,  process  modificadorts  were  under¬ 
taken  to  improve  the  performance  of  the  product  fabri¬ 
cated  with  PZT  (nominal  composition  —  Pbi,ioZro4g 
Tio  3203  ,o).  As  a  result,  better  than  two  orders  of  magni¬ 
tude  improvement  in  product  performance  over  operat¬ 
ing  conditions  was  seen.  The  paper  will  discuss  in  detail 
the  nature  of  the  experiments  performed  and  the  results 
of  process  modifications.  In  addition,  the  resulting  tech¬ 
nique  has  been  used  to  evaluate  present  product  as  a 
benchmark  to  assure  our  ability  to  continuously  improve 
product  performance. 


One  of  the  important  capabilities  of  a  nonvolatile  mem¬ 
ory  is  not  only  its  ability  to  store  information  but  how 
many  different  times  this  can  be  done.  There  is  a  con¬ 
cern  that  data  retention  interacts  with  fatigue.  A  fatigue 
cycle  (endurance  cycle)  is  defined  as  one  read/write 
cycle.  Ramtron  was  interested  in  knowing  the  functional 
behavior  of  retention  in  response  to  number  of  fatigue 
cycles.  To  that  end,  a  great  deal  of  work  has  been  done 
at  Ramtron  and  within  the  industry  on  the  functional 
fatigue  behavior  from  a  capacitor  standpoint.  Capacitor 
data  is  useful  in  order  to  determine  the  mean  behavior 
of  different  design  and  process  combinations.  It  is  not 
proven  that  all  large  area  capacitor  data  can  be  mapped 
directly  into  product  performance.  Therefore  it  is  impor¬ 
tant  to  measure  this  material  and  process  interactions  on 
the  circuits  in  question.  It  was  also  of  great  interest  to 
understand  the  statistical  behavior  of  our  product  and  to 
be  able  to  model  it.  In  particular,  we  had  a  specification 
on  the  product  that  le8  cycles  at  use  conditions  would 
not  adversely  affect  the  product  performance  from  both 
a  functional  and  retention  standpoint. 

CH3()8()  0-7803-0465 -9/92$3.(X)  ©IEEE 


individual  capacitors  were  measured  using  the  standard 
Sawyer-Tower  circuit.  The  pulse  sequence  and  nomen¬ 
clature  are  shown  in  Figure  I.  Figure  2  shows  how  the 
positive  and  negative  switching  and  non-switching  (P, 
N,  U,  and  D,  esf)ectively)  portions  of  the  hysteresis 
loop  are  measured. 
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Figure  3. 


FATIGUE  FOR  SAMPLE:  22901-12 
Vin  =  5V  AREA  =  20X  20  urn  F  =  625kHz 


•  "  • 
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le  +  08 

#  FATIGUE  CYCLES 


1  e  +  0  9 


Figure  3  shows  the  degradation  of  switch  charge  as  a 
function  of  room  temperature,  5.0V,  bipolar  switching 
pulses  for  the  material  that  was  used  for  our  first  genera¬ 
tion  product.  This  capacitor  data  showed  that  the 
amount  of  switched  charge  was  greatly  decreased  after 
le9  cycles  of  fatigue.  In  addition,  there  was  indication 
that  the  available  charge  was  degraded  and  was  within 
20  percent  of  the  value  that  was  detectable  by  the  cir¬ 
cuitry  of  the  part.  Our  objective  was  to  determine  if 
product  manufactured  from  the  same  material  and 
process  would  show  similar  sensitivities  to  fatigue 
cycles  as  shown  by  the  capacitor  data  and  whether  it 
would  continue  to  retain  data  after  le8  cycles. 


The  basic  memory  cell  of  the  4,096-bit  (FRAM)  device 
organized  as  512w  x  8b  is  shown  in  the  circuit  diagram 
of  Figure  4.  This  memory  cell  uses  a  two-transistor, 
two-capacitor  structure  and  is  manufactured  in  a  1.5- 
micron  Si  gate  CMOS  technology. 

The  application  of  an  electric  field  can  polarize  a  ferro¬ 
electric  cell.  A  reversal  of  the  electric  field  orients  the 
polarization  of  the  dipoles  in  the  opposite  direction.  The 
ferroelectric  crystals  retain  their  orientation  or  polariza¬ 


tion  even  after  the  electric  field  is  removed.  The  ferro¬ 
electric  crystals  therefore  have  two  permanent  or  stable 
states,  and  it  is  this  property  that  is  used  to  store  digital 
data  within  the  ferroelectric  cell. 

During  a  write  operation  to  the  memory  cell  (refer  to 
Figure  4),  data  is  transferred  from  the  I/O  pins  to  the  bit 
lines.  When  the  word  line  is  enabled  ^d  the  plate  is 
pulsed  via  the  plate  line,  the  data  will  be  stored  by 
polarizing  the  ferroelectric  cell  in  one  of  its  two  stable 
sta„:s. 
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To  read  data  from  the  memory  cell,  the  N  channel  pass 
transistors  are  enabled  with  the  word  line  going  active 
high,  and  the  difference  in  polarization  is  sensed  by  the 
sense  amplifier  to  determine  the  data  state  stored  in  the 
cell.  The  read  operation  requires  the  data  to  be  rewritten 
or  restored  to  the  original  data  in  the  cell.  This  is  done 
by  switching  the  polarization  and  is  done  automatically 
as  part  of  the  read  cycle. 

Tgsl  Fixture 

A  fatigue  or  bum-in  oven  was  designed  that  would 
allow  for  reading  and  writing  different  patterns  at  differ¬ 
ent  temperatures  and  voltages.  The  s'  stem  is  capable  of 
cycling  product  with  a  cycle  time  of  1  microsecond 
from  room  temperature  to  150°C.  In  addition,  the 
fatigue  cycles  can  be  performed  from  4  to  7  volts  in 
increments  of  200  millivolts. 

Tests 

The  fatigue  tests  were  done  on  our  4K  product  from  two 
different  production  lots.  The  capacitor  is  made  of  lead 
zirconate  titanate  (PZT)  with  a  top  and  bonom  electrode 
as  published  in  IEEE  Spectrum,  Volume  18,  No.  7*.  The 
maximum  read  access  is  250  nanoseconds  and  SOO 
nanoseconds  maximum  read  or  write  cycles.  Parts  were 
packaged  in  standard  24-pin  SOPs  (small  outline  pack¬ 
ages). 

A  designed  experiment  was  developed  with  the  follow¬ 
ing  factors:  temperatures  of  fatiguing,  fatigue  cycles, 
fatigue  voltage,  pattern,  and  read  or  write  voltage.  The 
responses  that  were  of  interest  were  short  term  retention 
(10  seconds)  and  long  term  retention  (40  hours  at 
100°C).  All  measurements  were  made  at  80°C.  The  part 
failure  rate  and  bit  failure  rate  were  measured  for  each 
test.  The  experiment  was  a  full  factorial  design  with  a 
total  of  54  cells.  The  fatigue  cycling  was  done  with  a 
"solid  zero"  pattern.  Figure  5  lists  the  factors  and  related 
levels  that  were  used  in  the  experiment. 


Figure  5. 


Experimental  Factor 

Range  of  Factor 

Fatigue  Temperature 

25,  85°C 

Fatigue  Voltage 

4,  5, 6  Volts 

Fatigue  Cycles 

1e6, 1e7, 1e8  Cycles 

Read/Write  Voltage 

4.5, 5.0, 5  5  Volts 

Read/Write  Pattern 

Row  and  Rowbar 

Analysis 

The  resulting  experiment  was  completed  and  then  mod¬ 
eled  using  a  statistical  software  package  called  "RS 
Discover"  created  by  BBN  Soflwaie^.  The  results  indi¬ 
cated  that  the  fatigue  voltage  and  the  number  of  fatigue 
cycles  were  the  only  parameters  that  were  important  in 
modeling  the  behavior  of  the  product  There  was  a  weak 
dependence  on  the  read  or  write  voltage  of  the  retention 
tests.  This  behavior  was  the  same  for  the  bit  failure  rate 
as  well  as  the  part  failure  rate.  The  model  indicated  that 
the  part  failure  rate  at  nominal  conditions  (5  volts,  room 
temperature)  would  be  more  than  60  percent  and  that 
same  60  percent  would  also  fail  long  term  retention.  In 
addition,  the  failure  rate  was  independent  of  the  pattern 
written  or  the  temperature  at  which  the  fatigue  was  per¬ 
formed.  The  bit  failure  rate  was  predicted  to  be  about 
400  bits  per  die.  Figure  6  gives  a  response  surface 
model  of  the  results.  This  model  allows  us  to  predict 
product  performance  under  a  number  of  different  condi¬ 
tions.  This  in  turn  allows  us  to  predict  what  our  cus¬ 
tomer  base  might  see  for  product  performance.  The 
result  was  that  the  product  was  not  performing  to  the 
stated  specification  conditions. 

Ramtron  therefore  embarked  on  a  series  of  designed 
experiments  using  this  technique  to  evaluate  the  effect 
of  different  process  changes  to  improve  product  perfor¬ 
mance.  The  process  changes  resulted  in  the  following 
behavior  as  measured  over  five  production  lots  and  over 
1,000  parts. 

1)  The  short  term  retention  (shown  to  a  95  percent 
simultaneous  confidence  interval)  indicated  that  at 
le8  cycles  the  failures  were  between  0  to  1.3  percent 
of  the  product  with  a  mean  of  .2  percent. 

2)  The  long  term  retention  behavior  (to  a  95  percent 
simultaneous  confidence  interval)  indicated  that  at 
le8  cycles  the  failure  rate  was  the  same  as  zero 
cycles  of  fatigue. 

3)  Long  and  short  term  retention  and  functional  tests 
after  3.5e9  cycles  at  125°C  showed  to  a  95  percent 
confidence  level  no  change  in  the  failure  rate  as 
compared  to  zero  cycles.  These  results  indicate  a 
better  than  two  orders  of  magnitude  improvement  in 
the  fatigue  performance  of  our  product.  This  low 
level  of  failures  prevented  us  from  developing  a 
response  surface  model. 

To  ensure  that  this  level  of  performance  is  maintained, 
Ramtron  has  put  in  place  a  SPC  based  monitoring  pro¬ 
gram.  The  parameters  being  monitored  are  percentage 
retention  loss  after  le9  cycles  as  v.ell  as  retention  loss  at 
zero  cycles. 
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Conclusion  Refgrences 

The  use  of  a  designed  experiment  allowed  the  develop-  ‘  "Ferroelectrics  for  Nonvolatile  RAMs,"  IEEE 
ment  of  a  model  that  would  predict  part  performance.  Spectrum,  vol.  18,  no.  7,  pp.  30-33, 1989. 

Using  this  infonnation  as  a  metric  of  product  reliability 

and  quality  allows  one  to  improve  performance  by  more  2  bbn  Software  Products.  A  Division  of  Bolt  Beranek 
than  two  orders  of  magnitude.  In  addition,  this  also  and  Newman  Inc.,  150  Cambridge,  MA  02140. 
allowed  us  to  develop  a  statistically  based  monitoring 
program  to  insure  product  performance. 
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PURE  AND  MODIFIED  l.EAD  TITANATE  THIN  Fil  MS  BY  SOL-GEL 

U  M  lahan  and  A.  Satan 
Department  ot  C’eramie  Science  and  Fngincenng 
Rutgers,  t  he  State  I  niversity  ot  New  Jersey 
Hiscataway,  N.  J.  OSS.S.S 0909 


Pure  and  modified  lead  titanate  thin  films 
were  fabricated  by  spin  coating  an  alkoxide  based 
solution  onto  platinum  coated  silicon  substrates. 
The  solution  was  made  by  combining  lead  acetate 
trihydrate,  titanium  IV  isopropoxide  and 
diethanolamine  in  isopropanol  with  lanthanum  as  a 
dopant.  Various  heating  schedules  and  techniques 
were  examined  to  optimize  the  dielectric  and 
microstructural  properties  of  the  films.  The  films 
were  tested  for  dielectric  and  hysteresis  properties, 
and  were  characterized  by  XRD,  SKM,  DTA,  and  TGA. 
Perovskite  PbTiOt  was  found  to  form  at 
approximately  4()()'‘(’  and  could  be  obtained  by 
heating  for  short  soaking  durations  of  10  minutes 
per  layer.  Measured  at  1  kHz.  an  average  dielectric 
constant  of  410  wa:;  obtained  for  pure  lead  titanate 
films  heated  at  5()0"C  for  Ihr.  Hysteresis 
measurements  taken  on  these  films  at  100  Mz 
revealed  an  average  remanent  polarization  of  I  I 
pC7cm2  with  a  coercive  field  of  approximately  75 
kV/cm.  The  films  doped  with  5')l  lanthanum 
exhibited  a  dielectric  constant  of  SI.*!  with  a 
coercive  field  of  52  kV/cm  and  a  remanent 
polarization  of  25  pCVcniT 

Introduction 

Ferroelectric  pure  and  lanthanum  modified 
lead  titanate.  PbTiO^  (PT)  and  (Pb| .  i  .Sx.Lax  )TiOy 
(PL'F),  thin  films  have  many  applications  due  to  the 
piezoelectric,  pyroelectric.  and  electro-optic 
properties  of  these  materials.  .Some  of  these 
applications  include  IR  detectors,  py  rodetectors, 
SAW  substrates,  and  waveguide  devices.!  -  The  use 
of  PT  and  PL'f  in  the  thin  film  geometry  as  opposed 
to  the  bulk  form  allows  for  greater  design  flexibility 
and  more  economical  processing.- 

Ferroelectric  thin  films  can  be  fabricated  by 
sputtering,  chemical  vapor  deposition  (CVD),  and 
metal-organic  chemical  vapor  deposition  (MOCVD). 
I'hese  methods  involve  drawbacks  such  as 
expensive  equipment,  complicated  chemistry,  and 
high  reaction  temperatures.  Other  problems  with 
these  techniques  are  difficulties  in  adjusting 
composition  for  the  optimization  of  properties, 
inhomogeneities,  and  the  fabrication  of  suitable 
targets.!-^  The  major  disadvantage  of  these 
methods  is  the  difficulty  in  controlling  the 
stoichiometry  while  fabricating  multicomponent 
oxide  films.  This  problem  results  from  differences 
in  the  sputtering  rates  of  the  components  or  the 
vapor  pressures  of  the  CVD  precursor  reagents.  4 

Sol-gel  processing  has  recently  been  receiving 
attention  as  an  alternative  method  for  the 
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fabrication  ol  ferroelectric  ilim  films  I  his 
technique  provides  a  solution  to  some  ol  the 

problems  encountered  in  coiiveiiiioiial  l.ibi  icatioii 
techniques.  .Modern  cer.iinic  lechiiologs  lequires 
high  purity  which  can  be  obtained  bs  the  sol  gel 
process.  Extremely  homogeneous  ihm  lilms  with 
lower  processing  temperatures  can  be  ssiithesized 
because  the  precursors  are  mised  as  liquuls  .Also, 
compositions  can  be  easily  adjusted  lor  the 
optimization  of  properties  of  the  tiims A  .\nothei 
advantage  of  sol  gel  is  that  it  facilitates  the 

fabrication  of  films  on  substrates  with  large  or 
complex  areas. 

There  are  several  dilferent  methods  by  which 
the  gel  can  be  applied  to  the  substrate.  The  lirsi  is 
dip  coating  which  involves  withdrawing  a  substrate 
out  of  a  solution  at  a  constant  rale.  A  similar 
technique  involves  keeping  the  substrate  stationary 
and  lowering  the  liquid  level.  Another  method  is 
spin  coaling  which  involves  spinning  the  substrate 
at  high  RPM  and  spreading  the  solution  by 
centrifugal  force.  Spraying  is  a  technique  which  is 
mostly  used  for  applications  which  do  not  require 
thin  films  with  strict  thickness  tolerances.^ 

Although  most  of  the  research  on  ferroelectric 
thin  films  by  sol-gel  to  date  follows  the  techniques 
reported  by  Gurkovich  el  aK’  and  Budd  et  a'T  a 
method  similar  to  that  used  by  Takahashi  el  al^  ** 
was  chosen  for  this  study. Although  metal 

alkoxides,  such  as  titanium  isopropoxide,  are  very 
unstable  to  hydrolysis,  the  addition  of  a  small 
amount  of  diethanolamine  (DEA)  aids  in  the 
stabilization  of  the  alkoxide  solution. ^4^  Also,  DliA 
enables  lead  acetate  trihydralc  to  be  soluble  in  an 
alcoholic  solution.  Another  interesting  point  about 
this  process  is  that  additional  hydrolysis  and 

polymerization  steps  are  not  necessary  to  convert 
the  sol  to  a  gel.  The  water  present  in  the  lead 
acetate  trihydralc  is  sufficicrii  to  cause  the 
reactions  to  occur,  producing  a  water  to  alkoxide 
ratio  of  3:1.4  8  jp  this  study  PT  and  PET  thin  films 
prepared  by  spin  coaling  w'cre  analyzed  for  their 
inicrostructure  and  ferroelectric  properties.  The 
effect  of  different  processing  conditions  on  the 
properties  of  the  films  is  studied  extensively  and 
discussed. 

Experimental 

A  lead  titanate  solution  was  made  following 
the  procedures  of  'I'akahashi.  et  al.4-8  ['igure  I  is  a 
flow  diagram  illustrating  this  process.  1'hc  first 
step  in  the  solution  preparation  was  to  make  a  0..3.M 
solution  of  titanium  IV  isopropoxide  in  isopropanol. 
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h'igure  I.  Mow  chart  illusiraliiig  the  solution 
preparation  process. 


An  equimolar  amount  ol  1)1!A  was  added  to  this 
solution,  and  it  was  stirred  at  room  temperature  for 
1  hour.  Lead  acetate  trihydrttte  atid  lanthanum 
nitrate  pentahydrate  were  added  in  the  appropriate 
stoichiometric  proportions.  ihis  was  stirred  until  a 
clear  solution  developed  ( aitproxiiti.itely  1  hour), 
rhis  process  yieldeti  ;i  ()..^.\1  st)lution  of  (Pb). 
1  Sx.Lux  )Ti  (3  t .  To  decrease  the  concentration, 
isopropanol  was  added.  .\  sanijilc  ot  the  solution 
Wits  dried  ;il  LSO'  C  lor  24  hours.  13  l  .A  and  !  (iA 
analyses  were  then  performed  on  the  dried  gel. 

The  films  were  spu.'  onto  platinum  sputtered 

Si  substrates*  at  various  KP.\1  ;ind  spinning  times 
with  an  Integrated  I'eehnologies  P-bOOO  spin 
eoater**  .  After  each  coating,  the  substrates  were 
placed  on  a  hot  plate  at  1  for  10  minutes  to 

dry.  In  this  step  the  gel  shrank  and  lost  weight 
through  the  evaporation  of  solvent  and  adsorbed 
water.  This  is  a  critical  step  in  the  processing  of  the 
films  because  cracks  and  other  defects  are  most 

likely  to  develop  in  this  stage.  The  hot  plate 

temperature  was  then  increased  to  approximately 
.L‘i()°C  and  the  film  was  heated  for  I  minutes.  This 
was  done  to  pyroly/e  the  org;inicw.  which  left  tiny 

pores  throughout  the  film.  I'hese  iiores  were  later 

SilicDii  (JiK’xi.  Vtoiiicrcv.  (  \ 
liilcgiak'4  til.  liMohielcs.  Iiu  .  .At  ikhiK'i .  M.  .A 


eliminated  by  a  viscous  flow  sintering  mechanism"^ 
when  the  films  were  heated  in  a  furnace  at  400- 
b00°C  for  1  hour.  This  process  was  repeated  until 
the  desired  film  thickness  was  achieved. 

The  films  were  analyzed  h\  XRD.  SF.M  and 
optical  microscopy.  The  dielectric  constants  of  the 
I  i  I  m  s  were  calculated  I  r  o  m  capacitance 
measurements  taken  at  I  kHz.  Ihe  remanent 
polarization  and  coercive  field  values  of  the  films 
were  measured  at  100  Hz  using  a  hysteresis  bridge 
circuit.  These  properties  were  determined  for  films 
which  were  prepared  with  various  processing 
parameters  and  were  compared. 

Results  and  Discussion 

The  DTA/TGA  analysis  of  the  dried  PT  gel 
shown  in  Figure  2  illustrates  that  the  pyrolysis  of 
organics  begins  at  approximaielv  .3()()°C  and 
continues  until  approximately  .vbO^t’.  .Also, 
crystallization  of  PT  is  seen  to  occur  at 
approximately  440”C. 

Several  parameters,  such  as  spinning  speed 
and  time  affect  the  quality  of  thin  films  fabricated 
by  spin  coating.  Films  coated  six  times  at  3000 
RP.M  for  2.^  seconds  developed  cracks  which  ran 
throughout  the  samples.  Fiach  layer  was  measured 
to  be  approximately  250  nm  thick.  A  second  set 
of  samples  was  made  in  a  similar  manner  but  with 
a  higher  spinning  speed  of  7500  RP.M  and  wtth  the 
same  spinning  time.  Each  layer  was  tiieasured  to  be 
110  nm  in  thickness,  and  the  quality  of  the  films 
was  greatly  improved.  The  cracks  in  the  samples 
only  existed  on  the  outer  perimeter  of  the  films, 
leaving  the  center  of  the  films  tree  of  defects.  A 
third  set  of  samples  was  fabricated  at  a  medium 
spinning  speed  of  5000  RPM  for  an  extended 
spinning  time  of  1  minute.  Each  layer  of  these 
samples  was  measured  to  have  a  thickness  of 
approximately  180  nm.  and  the  resulting  films 
were  very  similar  to  the  previous  samples  with 
cracks  only  on  the  outer  perimeter  of  the  films. 
I'hese  results  indicated  that  each  layer  of  the  films 
should  be  no  greater  than  200  nm  in  thickness  in 
order  to  develop  crack  free  films. 
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F'igure  2.  DTA/TGA  analysis  of  dried  F^T  gel. 
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I'o  increase  ihe  thickiies'  ol  the  spin  coaled 
tiliits.  thicker  samples  were  made  b\  spimimi; 
seseral  layers  onto  the  substrate,  employing  a 
pyrolysis  step  between  each  l.iser  and  healing  the 
tilms  once  the  desired  thickness  w.is  obi.nned  It 
was  noticed  that  alter  the  application  ol  4  layers 
(approximately  440  nm)  cracks  began  to  develop. 
I'o  ensure  crack  tree  films,  a  healing  step  was 
performed  after  each  coating. 

A  set  of  samples  heated  at  various 
temperatures  for  1  hour  was  labricated  in  this 
manner  until  a  thickness  ol  b  hiyers  was  obtained. 
The  XRD  patterns  for  these  samples  can  be  seen  in 
figure  .V  .All  of  the  patterns  appear  similar  and 
exhibit  the  formation  of  perotskiie  lead  iitanate. 

Table  1  shows  the  dielectric  constant  and  loss 
values  for  these  films.  It  can  be  seen  that  the 
samples  exhibited  a  maximum  dielectric  constant  of 
410  at  5(K)“C  and  a  minimum  of  170  at  400°C.  The 
maximum  tan  6,  0.06.'',  occurred  ;il  40()"C  and  the 
minimum  of  approximately  O.O.TS  occurred  at 
.‘SOO^C.  Figure  4  graphs  the  remanent  polarization 
and  coercive  field  against  he.iting  temperature.  The 
remanent  polarization  was  maximum  (II  laC/cm^) 
at  ‘S()()”C,  and  then  saturated  at  a  value  of 
approximately  6.5  pC/cm-  with  heating 
temperatures  above  .'i50°C.  The  coercive  field 
increased  almost  linearly  with  temperature  from  a 
value  of  approximately  75  kV/cm  at  ,‘i0()°C  to  115 
kV/cm  at  600°C. 

All  of  these  results  were  obtained  from 
samples  which  were  heated  from  room  temperature 
to  600°C  at  a  rate  of  ,V5°C/minute,  The  samples 
were  held  for  a  soak  of  I  hour,  and  were  then 
cooled  to  room  temperature.  Because  it  was 

necessary  ts  implement  this  schedule  after  every 
coating  to  prevent  cracking,  the  fabrication  time  for 
one  film  was  quite  long.  I'o  shorten  the  fabrication 
time  of  the  films,  various  other  heating  techniques 
were  tested. 


fable  1.  Dielectric  constant  .md  tan  6  values  at 
various  healing  lemperaiurcv 


Temperature 

400‘C 

500‘C 

600-C 

Dielectric 

Constant 

170 

410 

375 

Tan  S 

0  065 

0  035 

0  055 

for  1  and  0.5  hours,  respectively.  Ihe  XRD  patterns 
exhibit  the  diffraction  peaks  characteristic  of 

perovskite  PT.  even  for  the  vhortened  soaking  lime 
of  0.5  hours.  Table  2  lists  the  measured  electrical 
properties  for  these  films.  It  can  be  seen  that  the 
dielectric  constant  decreased  with  shortened 
soaking  time  from  350  to  210  fhe  coercive  field 
for  the  samples  increased  with  shortened  soaking 

lime  from  55  to  SO  kV/cm.  and  the  remanent 

polarization  remained  constant  with  a  low  value  of 

2  pC/cm-. 

A  second  healing  technique  was  used  to 

reduce  the  fabrication  times  of  the  films.  This 

method  involved  ramping  the  films  up  to  the 

soaking  temperature  at  a  very  fast  rale  of 

b00°C/minute  in  a  tube  furnace.  The  films  were 
then  heated  at  this  temperature  for  short  times  of 

10  and  15  minutes,  and  were  cooled  down  at  the 
same  rale.  The  XRD  ptiiierns  for  these  samples  can 
be  seen  in  Figure  6.  Perovskite  PT  peaks  were 
present  in  the  XRD  spectra  ol  the  films  processed 
with  these  short  soaking  limes.  The  electrical 

properties  for  these  samples  are  also  listed  in  Table 
2.  The  dielectric  constant  again  decreased  with 
shortened  soaking  lime  from  240  to  150.  and  the 

tan  6  increased  from  0.05  to  0.10.  A  coercive  field 
of  60  kV/cm  and  a  remanent  polarization  of  1 
pC/cm*  were  obtained  for  the  samples  with  a 

soaking  lime  of  15  minutes,  although  the  sample 


The  first  method  was  to  place  the  films 
directly  into  a  furnace  prehetited  to  a  set 
temperature.  Figure  5  shows  the  XRD  spectra  of 
samples  made  in  this  fashion  and  heated  at  600°C 


Figure  3.  XRD  analysis  ol  PT  tilms  healed  at  various 


temperatures. 


with  a  soak  of  10  minutes  did  not  exhibit 
hysteresis. 


480  500  520  540  560  580  6<XI  620 

HEATINO  TEMPERATURE (X) 

Figure  4.  Remanent  polarization  and  coercive  field 
vs.  heating  temperature. 
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Pure  PbTi03  lable  2.  Elecirical  Properties 


Heat  Treatment 
at  600‘C 

Time/ 

layer 

1C 

1  kHz 

tan  5 

1  kHz 

Ec  (kV/cm) 
100  Hz 

Pr  (p  C/cm^) 

100  Hz 

Preheated 

Furnace 

60  min 

350 

0  080 

55 

2 

30  min 

210 

0.025 

80 

2 

Fast  Fire 

15  min 

240 

0  050 

60 

1 

10  min 

150 

0.100 

(Pb,25  ■Lao5  )Ti03 


Conventional 
Heat  Treatment 

1  hr 

825 

i 

0.085 

52 

25 

at  600"C 

Lanthanum -doped  lead  titanate  films, 
(Pb  925-La. o.slTiO^,  were  prepared  by  heating  to 
6()()°C  for  I  hour  after  each  coating.  1  he  dielectric 
constant  was  measured  to  be  .S2.‘i  with  a  tan  5  of 
0.085.  The  coercive  Held  and  remanent  polarization 
for  these  samples  was  52  kV/cm  and  25  pr/cin-, 
respectively  (Table  2). 

Conclusions 

Homogeneous  lead  titanate  thin  films  were 
made  by  a  sol-gel  technique,  with  cr\ stallization 
temperatures  as  lc)w  as  400 C.  Parameters,  such  as 
spinning  speed  and  spinning  lime  aticeted  the 
quality  of  the  films.  A  thickness  of  approximately 
200  nm  was  determined  to  be  the  maximum 
thickness  for  each  layer  in  order  to  prevent 
cracking  of  the  film.  lo  proiluce  high  quality 
thicker  films,  a  multilayer  technique  was 
performed  by  heating  the  film  after  each  coating. 
It  was  also  concluded  that  different  heating 
techniques  and  temperatures  have  an  effect  on  the 


quality  of  the  films,  and  small  additions  of  La  ha\e 
a  significant  effect  on  the  dielectric  and 
ferroelectric  properties  of  the  1 1 Inis 
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Abstract 

A  series  of  sol-gel  derived  PZT  films  with  Zr:Ti  ratios 
including  100:0,  94:6,  80:20,  65:35,  53:47,  35:65,  20:80  and  0:100  was 
prepared  on  platinized  Si  wafers.  The  precursor  chemistries  were 
based  on  lead  acetate  and  Zr/Ti  aikoxides  containing  the  appropriate 
amounts  of  cations  in  the  required  stoichiometries.  Excess  PbO  was 
incorporated  to  compensate  for  PbO  loss  during  processing.  Films 
were  fired  to  700C  where  they  were  all  single-phase  perovskite  as 
determined  by  XRD.  Microlithography  was  performed  to  obtain  Pt- 
PZT-Pt  monolithic  capacitors  with  130  /rm  square  electrode  pads. 
Ferroelectric  properties  were  obtained  on  these  pads  using  a  Radiant 
Technologies  RT-66A  Tester  while  the  leakage  characteristics  were 
measured  using  a  Keithley  617  Electrometer.  The  dielectric  and 
ferroelectric  properties  of  the  PZT  films  were  highly  dependent  on 
composition  and  processing  conditions. 

Introduction 

Lead  zirconate  titanate  (PZT)  is  a  widely  explored 
ferroelectric  (FE)  material  utilized  for  its  FE,  dielectric,  electro-optic, 
acousto-optic,  pyroelectric  and  piezoelectric  properties  in  both  bulk 
and  thin  film  forms^.  PZT  is  a  solid  solution  containing  lead  titanate 
(PT)  and  lead  zirconate  (PZ)  in  various  stoichiometric  ratios.  PZT 
x/y  refers  to  Pb(Zr,yjo(,Tiy/,go)Oj  where  x,y<100  and  x-ry  =  100. 
The  PZT  phase  diagram  is  shown  in  Fig.  1. 


Fig.  1  -  Phase  diagram  of  PZT  (Pj-cubic  paraelectric,  Ai.-tetragonal 
antiferroelectric,  A^-orthorhombic  antiferroelectric,  F|if|].fj-high 
temperature  rhombohedral  ferroelectric,  temperature 

rhombohedral  ferroelectric  and  Ff-tetragonai  ferroelectric).* 

Note  that  PZ  is  antiferroelectric  (AF)  while  PT  is  ferroelectric;  and 
solid  solutions  of  these  two  end  numbers  produce  mostly  FE 
materials  with  fascinating  properties  which  are  highly  dependent  on 
the  Zr/Ti  ratio.  Examples  of  the  effect  of  this  stoichiometry  ratio  on 
material  properties  include  dielectric  constant,  planar  coupling 


constant  and  T^,  the  Curie  point.  PT-rich  and  PZ-rich  compositions 
belong  to  the  tetragonal  and  rhombohedral  modifications  respectively 
of  the  perovskite  crystal  structure.  In  the  PZ-PT  phase  diagram,  the 
rhombohedral-tetragonal  boundary  is  the  most  important  feature, 
termed  the  morphotropic  phase  bxiundary  (MPB).  It  is  located  at 
about  53  atom  %  Zr  or  47  atom  %  Ti  (PZT  53/47).  Not  only  is  the 
dielectric  constant  highest  at  this  boundary,  but  also  the 
electromechanical  coupling  factor  and  piezoelectric  coefficients 
achieve  their  maximum  values  here'. 

Recently  PZT  films  have  attracted  considerable  attention  for 
applications  in  ferroelectric  memory.  The  numerous  techniuues  used 
to  prepare  PZT  films  include  magnetron  sputtering,  diode 
sputtering,  e-beam  evaporation^,  laser  ablation^,  plasma  spraying®, 
MOCVD^,  and  sol-gel  methods*. 

Most  of  the  attention  has  been  focused  on  the  MPB 
composition,  namely  PZT  53/47®’**.  There  is,  unfortunately,  scant 
attention  in  the  literature  on  exploring  the  effect  of  Zr/Ti  ratio  on 
the  FE  properties  of  PZT  fUms'"  The  film  properties  are 
expected  to  vary  since  the  crystal  structure  and  ferroelectric  nature 
(whether  ferroelectric  or  antiferroelectric)  change  with  Zr/Ti  ratio. 


Experimental 

The  general  chemical  formula  PZT  x/y  for  the  various  PZT 
compositions  studied  consisted  of  Pbj  jZr^yjopTiy/jQQOj  jwhere 
x,y<100  and  x+y=  100.  The  specific  compositions  chosen  cover  the 
range  of  tetragonal,  orthorhombic  or  rhombohedral  modifications  of 
PZT,  namely  PZT  0/100,  PZT  20/80,  PZT  35/65,  PZT  53/47,  PZT 
65/35,  PZT  80/20,  PZT  94/6  and  PZT  100/0. 

The  precursor  solutions  were  prepared  using  lead  acetate  and 
Ti/Zr  aikoxides.  The  derived  stoichiometries  were  achieved  in  these 
precursor  solutions  by  adding  the  appropriate  molar  ratios  of  Pb,  Zr 
and  Ti  (where  applicable).  10  mole  %  excess  PbO  was  also 
incorporated  as  shown  by  the  chemical  formulae.  After  refluxing  for 
3  hours,  the  solutions  were  concentrated  to  1.0  M. 

Substrates  chosen  were  Si(lOO)  wafers  which  had  previously 
been  thermally  oxidized  before  being  sputtered  with  lY  to  yield 
Pt(2000A)/Si02(  1500A)/Si.  Spincoating  was  performed  in  a  Class 
100  clean  room  using  a  Headway  Spinner  at  2000  rpm  for  30s.  The 
precursor  solutions  were  filtered  using  a  syringe  filter  (0.2  /im)  to 
minimize  particle  contamination.  The  green  films  were  fired  at  500C 
to  burn  off  the  organics,  yielding  films  -1700A  thick  per  coating.  In 
order  to  achieve  thicker  films,  multiple  coatings  were  performed. 
Typically  three  coatings  were  required  to  obtain  films  about  0.5  nm. 
Later  these  films  were  fired  at  700C  to  crystallize  them  fully  into 
single-phase  perovskite. 

Microlithography  was  used  to  define  13u  x  130  pm  Pt  top 
electrode  pads  using  a  lift-off  technique.  The  monolithic  Pt-PZT-Pt 
capacitors  were  completed  by  obtaining  back-contact  through  acid- 
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etching  one  portion  of  the  films.  These  capacitors  were  later  post¬ 
metallization  annealed  at  lOOC  for  5  mins,  to  consolidate  the  top 
electrodes. 

The  phase  assembly  in  the  films  was  monitored  by  X-ray 
diffraction  (XRD)  using  a  Scintag  XRD  Diffractometer.  The 
ferroelectric  properties  were  measured  using  a  Radiant  Technologies 
RT-66A  Ferroelectric  Tester.  The  leakage  characteristics  were 
obtained  using  a  Keithley  617  Electrometer. 

Results  and  Discussions 


XRD  results  indicated  that  the  phase  assemblages  depended 
on  composition  and  processing  temperature.  PZT  0/100  (i.e., 
PbTiOj)  crystallized  the  easiest  on  Pt  substrates,  forming  single-phase 
perovskite  at  500C.  With  increasing  Zr  content,  perovskite 
crystallization  is  hindered.  Crystallization  behavior  of  the  PZT  films 
is  substrate-dependent.  For  PZT  films  on  Pt  fired  to  500C,  with  Zr 
content  x>il5,  pyrochlore  phase  was  found;  while  PbTiOj-rich 
compositions  (i.e.,  x<35)  were  all  perovskite  at  the  same  firing 
temperature.  All  films  fired  to  700C  or  750C,  regardless  of  Zr/Ti 
ratio,  became  single-phase  perovskite.  Fig.  2  shows  the  XRD  scans 
of  various  PZT  perovskite  films  fired  to  700C.  As  expected,  PZ-rich 
compositions  are  rhombohedral  while  PT-rich  films  exhibit  tetragonal 
structures  (note  the  tetragonal  splitting  in  the  XRD  peaks  which 
denotes  a  high  degree  of  crystallinity). 

Films  on  Pt  fired  above  600C  show  no  pyrcK'hlore  phase.  In 
constrast,  Zr-containing  PZT  films  on  Corning  705‘1  glass  remained 
perovskite-free  even  when  fired  up  to  750C''‘. 
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Fig.  2  -  XRD  scans  of  the  perovskite  PZT  films  fired  to  700C  as  a 
function  of  Zr/Ti  ratio. 

Optical  microscopy  revealed  that  rosette  perovskite  grains 
tended  to  predominate  in  Zr-rich  PZT  compositions.  The  PT  film 
appeared  slightly  porous;  however,  PbTiOj-rich  PZT  films  were 
observed  to  consist  of  dense  microstructures  with  no  intergranular 
phase.  The  rosette  grain  size  increased  with  Zr  content,  and  in  Zr- 
rich  PZT  films,  large  percolated  rosettes  were  seen  in  films  fired  to 
700C.  Note  that  10  mole  %  of  excess  PbO  was  incorporated  in  these 
PZT  films  since  it  was  found  that  10-15  mole  %  excess  PbO  was 
optimal  in  achieving  PZT  5.3/47  films  with  superior  dielectric  and  FE 
properties'*.  It  was  found  previously  that,  at  least  in  the  specific 
example  of  PZT  53/47  films,  without  excess  PbO,  the  stoichiometric 
PZT  53/47  films  tend  to  display  rosette-containing  microstructures. 
With  10  mole  %  excess  PbO,  the  microstructures  become  denser  and 
rosette-free.  It  is  expected  that  since  Pb  diffusion  becomes 
exacerbated  in  containing  higher  concentrations  of  Zr'®,  the  optimal 
amount  of  excess  PbO  needed  to  eliminate  rosette  formation  will 
depend  on  the  specific  Zr/Ti  ratio  in  the  films.  It  was  also  observed 
that  PZT  films  with  high  Zr/Ti  ratio  tended  to  crack  even  on  Pt 


when  subjected  to  elevated  firing  temperatures,  e.g.  700C.  The 
coefficient  of  thermal  expansion  increases  with  Zr  content'*  and  in 
films  containing  large  amounts  of  Zr,  the  thermal  expansion 
mismatch  with  the  Pt  substrate  worsens,  increasing  the  tensile 
stresses  upon  cooling  and  leading  to  film  cracking. 


Fig.  3  -  Optical  micrographs  of  a  sol-gel  derived  PZT  53/47  film 
fired  to  700C  (bar  =  10  nm). 


The  dielectric  constants,  e/s,  of  the  PZT  films  fired  to  700C 
are  shown  in  Fig.  '.  The  e,  shows  a  maximum  at  the  MPB,  namely 
in  a  PZT  53/47  film  exhibiting  a  value  of  2 100;  while  in  compositions 
.:way  from  the  MPB,  e,  decreases  with  increasing  Zr  or  Ti  content 
This  trend  follows  the  behavior  of  bulk  samples  (also  shown  in  Fig. 
4).  Note  that  the  </s  of  the  films  obtained  in  this  study  are 
consistently  higher  than  those  of  their  corresponding  hulk  ceramic 
counterparts  regardless  of  the  Zr/Ti  ratio. 
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Fig.  4  •  Dielectric  constants  of  s-'l-gel  derived  PZT  films  fired  to 
700C  as  a  function  of  Zr  content.  Also  shown  for  comparison  on  the 
values  for  bulk  ceramics'  of  the  same  compositions. 

The  remanent  polarizations  and  coercive  fields  of  the  PZT 
films  fired  to  700C  are  shown  in  Fig.  5.  Note  that  both  the  remanent 
polarization  and  coercive  field  are  highest  near  the  MPB.  Being 
antiferroelectric,  PZ  films  exhibit  low  values  of  Pr  and  E,.,  namely 
0.15  uC/cm*  and  10  kV/cm  respectively. 
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Fig.  5  -  Remanent  polarizations  and  coercive  fields  of  sol-gel  derived 
PZT  films  fired  to  700C  as  a  function  of  Zr  content. 

Note  that  the  PZT  FE  capacitors,  being  non-linear  dielectrics, 
do  not  exhibit  ohmic  or  linear  resistance,  i.e.,  the  resistances  depend 
not  only  on  the  applied  field  hut  also  on  the  electrical  hi.story,  namely 
the  polarization  state.  The  films  show  a  rapid  rise  of  current  at  low 
voltages  and  an  exponential  dependence  at  higher  voltages,  reflecting 
the  pre.sence  of  a  Schottky  barrier  at  the  PZT-Pt  interfaces. 

Fig.  6  shows  the  bulk  resistivities  of  the  PZT  films  fired  to 
700C  measured  at  8V  as  a  function  of  Zr  content.  The  resistivities 
are  mostly  in  the  range  I0'®-I0‘’  fl-cm.  Such  values  are 
encouragingly  higher  than  those  reported  in  the  recent  literature'^, 
e  g..  10*  fl-cm,  and  reflect  a  high  level  of  homogeneity/stoichiometry 
as  well  as  the  large  grain  size  of  the  pre.sent  films.  Bulk  resistivities 
increase  with  Zr  content,  reaching  2..‘'xl()"  fl-cm  in  a  PZ  film,  while 
PT-rich  films  tend  to  be  relatively  conductive.  The  increa.se  in  bulk 
resistivity  with  Zr  content  has  been  reported  in  bulk  PZT  ceramics*’. 
Re.sistivity  is  a  strong  function  of  domain  .structure  and 
micro.structure.  While  the  PZ-rich  films  tend  to  be  biphasic, 
consisting  of  rosettes  and  an  intergranular  phase,  their  composite 
resistivities  are  quite  high  (10‘*  fl-cm).  The  PT  film  was  not  fully 
densified  even  when  fired  to  700C;  and  PT-rich  films  develop  severe 
stre.sses  from  the  highly  anisotropic  c/a  lattice  ratio  upon  cooling 
below  their  Curie  temperatures.  Microcracks  can  occur,  leading  to 
conductive  paths  between  electrodes.  The  micro.structures  of  the  PZ- 
rich  (Zr>5.^  mole  %)  films  indicated  that  the  size  of  the  rosettes 
increases  with  Zr  content.  The  increase  of  resistivity  with  grain  size 
is  expected  since  with  larger  grains  there  are  fewer  grain  Ixiundaries 
for  possible  conduction  pathways. 


The  capacitors  were  also  annealed  at  4tKK.  and  7imK,'  alter 
de[X)siting  the  top  Pi  electrodes  It  was  found  that  the  post 
metallization  annealing  had  a  considerable  effect  on  the  dielectric 
and  FE  properties  of  the  films  Such  annealing  helps  to  consolidate 
the  top  Pt  electrodes  onto  the  PZT  films  and  renders  the  top  Pt-PZl 
interfacial  characteristics  similar  to  those  of  the  bottom  Pt-PZT 
interfaces  which  had  previously  been  fired  to  7IKK'  The  resulting 
capacitors  are  more  symmetrical  in  their  electrical  behavior  Higher 
post-metallization  annealing  tends  to  increase  P,j  and  t,  while 
decreasing  the  bulk  resistivity  Leakage  currents  also  increase  with 
post-metallization  annealing  temperature  as  shown  in  Fig  7  Upon 
post-metallization  firing  to  7(M)C  (i  e  .  the  same  temperature  at  which 
the  PZT  films  were  fired),  the  leakage  current  increa.ses  by  about  .*> 
orders  of  magnitude;  while  lower  firing  temperatures  (i.e  ,  1(K)  or 
400C)  resulted  in  insignificant  changes.  In  films  containing  higher 
concentrations  of  Zr,  the  increase  in  leakage  current  is  exacerbated 
even  at  lower  post-metallization  temperatures  (eg,  4tK)C)  This  is 
due  to  the  diffusion  of  Pb  into  the  Pt  electrodes,  an  effect  which 
worsens  with  increasing  Zr  content  since  the  partial  va|)or  pressure 
of  PbO  is  higher  in  films  containing  higher  Zr  concentrations'*  *  ‘ 
Such  diffusion  not  only  affects  the  PZT-Pt  interfaces,  but  also 
renders  the  PZT  films  more  conducting  due  to  Pb  vacancies  resulting 
from  the  Pb  loss 


Fig.  7  -  Effect  of  post-metallization  annealing  temperature  on  the 
leakage  characteristics  of  a  sol-gel  derived  PZT  .45/(1.*!  film  fired  to 
7()0C. 


Conclusions 
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Fig.  6  -  Bulk  resistivities  of  sol-gel  derived  PZT  films  fired  to  700C 
as  a  function  of  Zr  content. 


In  the  sol-gel  derived  PZT  films  obtained  in  the  present 
study,  the  Zr/Ti  ratio  significantly  affects  the  phase  assemblage, 
crystallization  behavior  and  microstructure,  as  well  as  the  dielectric 
and  ferroelectric  properties. 

The  desired  perovskite  phase  forms  at  lower  firing 
temperatures  on  Pt  in  films  with  high  PT  contents,  while  the 
pre.sence  of  high  amounts  of  PZ  favors  the  pyriKhlore  phase 
Cry,stallized  PT-rich  and  PZ-rich  films  are  tetragonal  and 
rhombohedral  respectively 

With  increasing  Zr  content,  rosettes  tend  to  form  (x  >5.4  mole 
'T);  and  the  size  of  the  rosettes  increases  with  higher  Zr  contents 
PT  and  PT-rich  films  exhibit  dense,  uniform  microstructures 
Different  amounts  of  excess  Pl-O  may  be  needed  to  eliminate  rosette 
formation,  depending  on  the  Zr  content  in  the  films  The  bulk 
re,sistivity  increases  and  the  leakage  current  decreases  with  Zr 
content. 
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In  films  fired  to  700C,  the  values  of  e^,  Pjj  and  reach  their 
maxima  near  the  MPB,  i.e.,  in  the  PZT  53/47  films.  The  values  of 
the  dielectric  constant  observed  were  consistently  higher  than  those 
reported  for  bulk  ceramics  regardless  of  the  Zr/Ti  ratio. 

The  post-melallb.ation  annealing  temperature  considerably 
affects  the  FE  and  dielectric  properties  of  the  films.  High  post- 
metallization  annealing  temperatures  increase  the  values  of  P^,  E^, 
and  leakage  current.  The  degradation  in  leakage  charac-teristics 
was  more  significant  in  higher  Zr-containing  films  where  Pb  diffusion 
into  Pt  electrodes  is  exacerbated. 

The  low  leakage  currents  (or  high  bulk  resistivities)  and 
superior  values  of  dielectric  constant  compared  to  bulk  values 
indicate  that  the  various  PZT  films  obtained  in  this  study  exhibit  high 
degrees  of  homogeneity  and  stoichiometry. 
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Abstract 

The  preparation  and  compositional  control  of  Pb(Zr,Ti)Oj  films 
obtained  using  two  kinds  of  reactive  sputtering  processes  and 
MOCVD  were  investigated.  When  a  metal  composite  target  was 
used  in  reactive  sputtering,  the  film  composition  Zr/(Zr+Ti)  could 
be  controlled  from  0.25  to  0.81  by  changing  the  total  area  of  Ti  in 
the  target.  When  an  alloy  target  was  used  in  reactive  sputtering, 
there  was  no  change  in  the  Zr/(Zr+Ti)  ratio  of  the  films  up  to  196 
hours  of  target  usage,  and  the  reproducibility  of  the  film  composi¬ 
tional  control  was  very  good.  Using  the  MOCVD  method,  the 
compositions  of  the  films  and  crystalline  structures  could  be  easily 
controlled  by  changing  the  amounts  of  gases  supplied. 

1.  Introduction 

Ferroelectric  thin  films,  such  as  lead  titanate  (PbTiOj),  lead 
zirconate  titanate  [Pb(Zr,Ti)03:PZTl,  lantanium  modified  lead 
zirconate  titanate  |(Pb,LaXZr,Ti)Oj],  strontium  titanate  [SrTiOj) 
and  barium  titanate  [BaTiOj],  have  been  extensively  studied  for 
many  application  devices.  Especially,  the  interest  in  the  use  of 
these  ferroelectric  thin  films  for  memory  applications  has  increased 
in  recent  years.  These  thin  films  have  been  obtained  by  various 
kinds  of  techniques  such  as  electron  beam  evaporation,  sputtering, 
sol-gel  process,  chemical  vapor  deposition  (CVD)  and  metalorgan- 
ic  chemical  vapor  deposition  (MOCVD). 

In  any  thin  film  growth  technique,  the  compositional  control  of 
the  films  is  a  very  important  key  factor,  because  the  compositional 
changes  of  the  films  affect  the  crystalline  structure  and  electrical 
properties  of  the  films. 

In  memory  device  applications  of  PZT  thin  films,  if  the  PZT 
films  will  be  used  as  a  capacitor  of  DRAM,  films  with  high  dielec¬ 
tric  constants  are  required.  On  the  other  hand,  films  with  relatively 
small  dielectric  constants  arc  useful  for  application  to  nonvolatile 
ferro-RAM.  Therefore  precise  control  of  the  film  composition  is 
essential. 

In  order  to  investigate  the  most  effective  and  reproducible 
method  for  control  of  Pb(Zr,Ti)0,  film  composition,  we  developed 
two  kinds  of  reactive  sputtering  methods.  In  one  method,  reactive 
sputtering  using  a  metal  composite  target  was  employed''^.  In  the 


other  method,  an  alloy  of  Zr  and  Ti  was  used  as  a  target. 

Recently  the  MOCVD  method  for  ferroelectric  films  has  anract- 
ed  much  attention  because  of  its  great  usefulness  and  the  recent 
development  of  new  source  materials.  We  have  also  obtained  PZT 
films  by  MOCVD  and  photo-MOCVD'^  Therefore,  by  compar¬ 
ing  with  our  sputtering  method,  the  controllability  of  the  film 
composition  using  MOCVD  was  also  investigated. 

In  this  paper,  from  the  point  of  view  of  the  compositional  con¬ 
trol  we  will  describe  the  preparation  of  Pb(Zr,Ti)Oj  thin  films 
obtained  using  the  two  types  of  reactive  sputtering  processes  and 
MOCVD.  The  effects  of  compositional  change  of  films  on  crystal¬ 
line  structure  will  be  also  described. 


2.  Experimental  procedure 

In  order  to  prepare  Pb(Zr,Ti)Oj  thin  films,  two  types  of  reactive 
sputtering  were  used.  One  type  was  reactive  sputtering  using  a 
metal  composite  target.  A  typical  shape  of  the  metal  composite 
target  used  is  illustrated  in  Fig.l.  The  fan  shaped  Ti  pieces  used 
had  included  angles  of  3  and  8  degrees.  By  increasing  or  decreas¬ 
ing  the  number  of  Ti  pieces,  the  composition  of  the  films  could  be 
controlled.  The  diameter  of  metal  Pb  and  the  ratio  of  the  Zr/Ti 
area  were  determined  from  the  sputtering  yield  of  Pb,  Zr  and  Ti, 
which  were  modified  to  the  values  at  Ar/0j(=50/50)  gas  mixture 
according  to  Sigmund's  theory'.  In  our  experiment,  the  number  of 
Ti  peaces  was  changed  from  8  to  16  in  order  to  investigate  the  ratio 
change  of  the  Zr/(Zr+Ti)  area  on  the  crystalline  structure  of  the 
films.  The  sputtering  system  used  was  a  conventional  planer 
magnetron  sputtering  device.  The  sputtering  conditions  arc  li.stcd  in 
Table  1. 

in  the  other  type  of  sputtering  method,  an  alloy  target  of  Zr  and 
Ti  was  used.  A  schematic  diagram  of  the  alloy  target  is  also  shown 
in  Fig.l.  When  the  alloy  target  was  used,  the  composition  of  the 
target  could  be  changed  by  changing  the  alloy  ratio  of  Zr  and  Ti. 
In  this  type  of  reactive  sputtering,  the  planer  magnetron  equipment 
was  also  used.  The  sputtering  conditions  are  also  listed  in  Table  1 . 

Pb(Zr,Ti)03  ofilained  by  MOCVD.  In  our 

study,  tetraethyl  lead  [Pb(C3H,^)^:TEL], zirconium  tetratertiarybu- 
toxide  lZr(0-t-C^H,).,:ZTB|  and  titanium  tetraisopropoxide  [Ti(i- 
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C)CjHj)^:TlP]  were  used  as  source  materials.  was  used  as  an 
oxidizing  gas.  The  MOCVD  system  used  is  shown  schematically 
in  Fig.2.  The  Zr/(Zr+Ti)  compositional  ratio  of  the  films  were 
significantly  controlled  by  changing  the  carrier  gas  flow  rates  of  Zr 
and  Ti  sources.  In  this  experiment,  substrate  temperatures  varied 
from  600  to  650“C  and  reaction  pressu.-  was  6  Torr  during  the 
growth  run.  The  growth  conditions  for  Pb(Zr,Ti)Oj  are  also  listed 
in  Table  2. 

In  our  experiments,  the  substrate  used  was 
Pt(l  1  lySiOySiflOO).  The  crystalline  structures  of  the  films  grown 
were  determined  by  the  X-ray  diffraction  method.  The  film 
composition  was  analyzed  by  the  inductively  coupled  plasma  (ICP) 
emission  spectrometry  method. 


Table  2.  Growth  conditions  for  Pb(Zr,Ti)Oj  thin  films  using 
MOCVD. 


Source 

temperalureCC ) 

Pb(C; 

Js). 

0 

Zr(0 

t  C.d.). 

■  35-50 

Ti(0 

1  C.Ht), 

.  35-50 

:arr 

ler  floi  rate(scca) 

PbtC, 

:H»), 

80 

Zr(0 

1  C.H, ), 

,  20-70 

TuO 

1  C,H,). 

,  26-76 

0. 

f  loi 

rate(scca) 

240- 

300 

substra 

te  temperaturef  X' ) 

525- 

660 

Total  pressuredorr.  )  6 


040 


Fig.l.  Schematic  diagrams  of  the  targets;  a)  metal  composite 
target,  b)  alloy  target. 


Table  1 .  Sputtering  conditions  for  Pb(Zr,Ti)03  thin  films. 


Substrate  tempertureCX) 

560-665 

Gas  pressureC  x  lO'dorr. ) 

0.8-6 

Target  substrate  distancetimii'* 

45 

rf  input  poier(W) 

100 

Sputtering  gas 

Ar/0.,  =50/50 

Substrate 

PtdlD/SiO^/SidOO) 

Sputtering  timeCmin) 

60 

Target(Zr/(ZrtTi )) 

metal  composite  target 

0.64-0.93 

alloy  target 

0.  78 

Deposition  rate  (A /min') 

40-120 

3.  Results  and  discussion 

3.1.  Reactive  sputtering  using  ■  metal  composite  Uract 

When  a  Pb  plate  with  a  diameter  of  40mm,  and  8  to  16  fan 
shaped  Ti  pieces  were  used,  Pb(Zr,Ti)0,  thin  films  with  a  petov- 
skite  phase  were  grown  on  Pt/SiOySi  at  substrate  temperatures 
from  605  to  635“C.  The  compositional  change  of  the  films  was 
achieved  by  changing  the  totai  number  of  the  Ti  pieces  in  the  tar¬ 
get.  The  dependence  oi  the  film  compositional  ratio  Zr/(Zr+Ti)  on 
area  of  Ti  is  shown  in  Fig.3.  It  can  be  secii  that  film  composition 
could  be  controlled  by  changing  the  area  of  the  Ti.  However  there 
were  differences  in  the  composition  between  the  films  and  the 
theoretical  values  calculated  fi^om  the  ratio  of  the  Zr/(Zr+Ti)  area 
of  the  target. 


Fig.2.  Schematic  diagram  of  the  MOCVD  system. 


Fig.3.  Dependence  of  the  fiiiii  composition  on  the  area  of  Ti  in 
the  target 

3.2.  Reactive  sputtering  using  an  alloy  target. 

Pb(Zr,Ti)Oj  thin  films  were  also  grown  by  the  reaaive  souttcr- 
ing  method  using  an  alloy  target.  The  compositional  ratio  of  the 
Zr/(Zr+Ti)  in  the  alloy  target  used  was  0.78.  The  crystalline  struc¬ 
ture  of  the  films  grown  were  influenced  by  the  substrate  tempera¬ 
ture  and  the  sputtering  pressure.  Highly  (lll)oricnted  Pt^Zr.TiPj 
films  with  the  perovskite  phase  were  grown  at  substrate  tempera- 
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tures  higher  chan  62()“C  and  at  pressures  higher  than  2x10  ’Torr. 
X-ray  diffraction  peaks  from  perovskite  PZT(lll),  (110)  and 
(001)  planes  were  observed  when  films  were  grown  higher  than 
60.i“C.  X-ray  diffraction  patterns  of  films  grown  at  substrate 
temperatures  from  590  to  665“C  and  at  a  sputtering  pressure  of 
4x10  -Torr  are  shown  in  Fig.4.  From  this  figure,it  was  found  that 
the  highly  (Mi)  oriented  Pb(Zr,Ti)0,  film  was  grown  at  a  sub¬ 
strate  temperature  of  620“C. 

The  composition  of  the  Film  obtained  at  620  ”C  was  investigated 
by  the  ICP  emission  spectrometry  method.  This  analysis  revealed 
that  the  Zr/(Zr+Ti)  atomic  ratio  of  film  was  0.78,  which  was  the 
same  ratio  as  the  target's,  h  was  found  that  there  were  no  differ¬ 
ences  in  the  Zr/(Zr+Ti)  ratio  between  the  films  and  the  target.  The 
dependence  of  the  Zr/(Zr+Ti)  atomic  ratio  of  the  films  on  the 
elapsed  time  of  target  usage  was  also  studied.  When  the  alloy 
target  was  used  for  196  hours,  the  Zr/(Zr+Ti)  ratio  of  the  film 
obtained  using  this  target  was  0.78,  which  was  also  the  same  ratio 
as  the  ta.get's.  There  was  no  change  in  the  Zr/(Zr+Ti)  ratio  of  the 
films  up  to  196  hnurs  of  target  usage  as  shown  in  Fig.5.  This 
means  that  the  reproducibility  and  ‘■•".'oility  of  the  film  composi¬ 
tional  control  were  quite  good  when  an  alloy  target  was  used. 


33.  MOeVD 

Ip  our  study,  the  compositional  control  of  the  films  was  also 
performed  using  the  MOCVD  method.  In  MOCVD,  the  film 
composition  was  controlled  by  changing  the  Ar  cariic'  gas  flow 
r  s  of  the  Zr  and  Ti  sources.  The  Ar  carrier  gas  flow  rate  of  Tb 
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was  kept  at  24Gsccm  in  this  experiment.  The  crystalline  structures 
of  the  films  were  influenced  by  both  the  ratio  of  |Zt]/(|ZrJ+(Ti]), 
where  (Zr)  and  (Ti)  were  the  amounts  of  the  Zr  and  Ti  gases  sup¬ 
plied,  and  substrate  temperature,  as  shown  in  Fig.6.  Pb(2^,Ti)Oj 
films  with  a  tetragonal  phase  were  obtained  at  |Zr]/(|ZrJ+(Ti]) 
ratio  smaller  than  0.65.  By  increasing  the  ratio  of  [Zr]/((Zr]+lTi)), 
Po(Zr,Ti)Oj  with  a  rhombohedral  phase  could  be  grown  at  sub¬ 
strate  higher  than  b3S°C.  However,  when  the  ratio  of 
|Zr|/((Zr)+(Ti))  was  higher  than  0.7,  films  with  a  mixture  of 
rhombohedral  phase  and  other  phases  (Pb(Zr,Ti)jO,,  ZrOj, 
Pbj(Zr,Ti)jO,_j,  ZrTiOJ  were  grown.  It  can  be  also  seen  that  the 
growth  of  the  Pb(Zr,Ti)03  films  with  a  rhombohedral  phase  re¬ 
quired  higher  substrate  temperatures  than  were  required  in  the 
growth  of  the  tetragonal  Pt^Zr.Ti)©,  films. 

The  dependence  of  the  film  composition  on  the  ratio  of 
[Zr]/((Zr]+|Til)  was  also  investigated,  which  is  shown  in  Fig. 7. 
The  experimental  data  coincided  with  a  theoretical  curve,  when 
the  ratio  k^/k^.!  was  0.41.  Here,  and  k^.^  arc  given  by 
(Zrl  tj  and  N3..=k.3j  |Ti]  t_,  where  and  N^..  are  the 
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Fig.6.  Schematic  quality  diagram  of  the  Pb(Zr,Ti)03  films  grown 
by  MOCVD. 


amounts  of  Zr  and  Ti  included  in  the  films,  and  jZr)  and  [Ti|  are 
amounts  of  Zr  and  Ti  gases  supplied,  respectively.  The  details  is 
described  in  reference  |6  |.  From  Fig.7,  we  can  see  that  the  compo¬ 
sitional  ratio  of  films  was  not  proportional  to  the  ratio  of 
|ZrJ/(lZr|+|TiJ).  This  mc;  ns  that  the  Zr  content  could  not  easily  be 
deposited  in  the  films.  The  film  composition  was  also  affected  by 
substrate  temperature.  Fhc  compositional  ratio  of  Pb/(Pb+Zr+Ti) 
for  the  films  increased  with  an  increasing  substrate  temperature. 

i:z^rlJC■  j  L-i  SiOj.'S' 

THKftfVA;  cvn 
Ts  =  eoo'c 

UA'A 

-  THEOMEriCAi.  Cl-rve 

{  W  i-  ;  V  T ,  --  C  •;  1  ) 


# 

0,2  0  4  0  6  0  8 

Fig.7.  Dependence  of  the  film  compositional  ratio  Zr  (Zr+Ti)  on 
the  ratio  of  gases  supplied. 


4.  Conclusions 

In  our  study,  the  preparation  and  the  compositional  control  of 
the  Pb(Zr,Ti)0,  thin  films  obtained  using  the  reactive  sputtering 
and  MOeVD  methods  were  investigated.  Two  kinds  of  reactive 
sputtering  were  carried  out.  When  a  metal  composite  target  was 
used  in  reactirc  sputtering,  the  perovskite  Pb(Zr,Ti)0,  films  were 
grown  at  substrate  temperatures  ranging  from  W)5  to  b35"C.  The 
film  composition  Zr, (Zr+Ti)  could  lx:  controlled  from  0.2.3  to  0.81 
by  changing  the  total  area  of  the  Ti  pieces  in  the  target.  However 
differences  in  the  composition  between  the  films  and  the  theoreti¬ 
cal  values  calculated  from  the  ratio  of  Zr/(  Zr+Ti)  area  of  the  target 
were  observed.  On  the  other  hand.  When  an  alloy  target  was  used, 
there  were  no  differences  in  composition  (Zr/(Zr+Ti)=0.78) 
between  the  films  and  the  target.  There  was  also  no  change  in  the 
Zr/(Zr+Ti)  rat:o  of  the  films  up  to  196  hours  of  target  usage,  and 
the  reproducibility  of  the  film  compositional  control  was  very 
gotxi. 

Using  the  MOCVD  method,  Pb(Zr.Ti)0.,  films  both  with  tetrag¬ 
onal  and  rhombohcdral  phases  were  grown  at  substr.'tc  tempera¬ 
tures  from  ,3.3()  to  675'’C  by  changing  the  ratio  of  [Zr] '(|Zr|  +  |Til), 
where  |Zr|  and  |Ti]  w'crc  the  amounts  of  the  Zr  and  13  gases  sup¬ 
plied.  There  were  also  differences  in  composition  between  the 
films  and  the  ihcoictical  amounts  of  the  Zr  and  Ti  gases  supplied. 
Moreover  it  was  found  that  it  was  easy  to  control  the  film  compo¬ 
sition  within  a  wide  range,  and  the  reproducibility  was  also  gtxxi. 
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CRYSTAl.I  IZATION  AND  DIELfiCTRlCAI  PROPERTIES  OE  Pl.ZT 
FII  MS  DERIVED  FROM  METALI.O-ORGANIC  PRECURSORS 
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Abstract;  Lead  Lanthanum  Zitconate  Titanate 
(Pl.ZT)  films  were  deposited  by  the  mctallo-organic  decom¬ 
position  (MOD)  process  using  multilayer  spinning.  The 
crystallization  kinetics  ,  evolution  of  the  crystallographic 
structure,  dielectric  behavior  and  ferroelectric  properties 
were  studied. 


An  array  of  Au  films  in  the  form  of  dot  electrodes 
wassputtered  on  lop  of  the  Pl.ZT  film,  where  the  diameter 
of  dots  is  1  mm.  Dielectric  properties  were  measured  by 
HP4274A  and  4275A  LCR  meters.  Ferroelectric 
measurements  were  made  using  a  modified  Sawyer-Tower 
circuit 


Introduction 

Recently  much  work  has  been  focussed  on  the  pro¬ 
cessing  of  Pl.ZT  ferroelectric  thin  films  by  Sol-Gel  ’and 
metallo-  organic  decomposition  (MOD)  ‘  methods  because 
of  their  potential  as  excellent  dielectric,  ferroelectric  and 
optical  devices.  MOD  is  a  thermal  process  which  can  pro¬ 
duce  homogeneous  polycrystalline  phases  at  low  processing 
temperatures.  For  the  PbZrOj-PbTiOj  system 
crystallization  always  results  in  a  mixture  of  the  desired 
perovskite  phase  and  a  nonferioelectric  pyrochlore  phase, 
especially  in  the  case  of  the  thin  films.  A  study  of  the 
crystallization  mechanism  may  lead  to  better  control  of  the 
microstructure  ,  film  properties  and  annealing  of  a  pure 
perovskite  phase  transformation. 

The  present  research  investigates  the  crystallization 
kinetic  rarameiers  and  their  electrical  properties. 

Experimental 

The  initial  mctallo-organic  compounds  evaluated  as 
precursors  for  PLZT  films  are  commercial  lead  acetate 
irihydrate,  letra  -  n-butyl  titanate  and  others,  such  as 
lead  heptanoate,  zirconyl  heptanoate,  zirconyl  butyrate 
and  lanthanum  butyrate  ,  which  were  synthesized  in  this 
laboratory  by  double  decomposition  \ 

The  PLZT(  8/0/100)  and  PLZT(  8  /  65/  35)  so 
lutions  and  films  were  prepared  following  the  procedures 
given  in  Reference  3  and  4. 

For  crystallization  kinetic  studies, 
PLZT(8/0  M00)  and  PI  ZT(  8  -  65  /  35)  solutions,  and 
PL7.T(8  /  65  '  35)  films  were  used  as  samples.  The  films 
were  prepared  by  dipping  onto  silicon 
substrates.  Thermogravimeiny  (TG)  and  Differential 
Thermal  Analysis  (DTA)  studies  were  conducted  on  a  Bei} 
mg  Analyzer  I.CT  and  a  Dupont  1090.A.  X-  ray  diffraction 
data  were  obtained  on  a  Regaku  D  -  MAX  111  A 
diffractonetcr  using  monochromatic  Cu  radiation  at 
room  temperature.  The  thickness  of  the  films  was  mcas 
ured  by  a  multi-  beam  interference  method  For  electrical 
measurements  ,  films  were  deposited  on  Pt  -  glass  ceramic 
or  indium  tin  oxide  (  ITO)  'glass  substrates  Pt  and  ITO 
films  as  bottom  electrodes  were  deposited  by  RF  spi  'tenng 


Results  and  Discussion 

Figs.  1  and  2  show  the  TG  and  DTA  analyses  of  so¬ 
lutions  of  PLZT. 
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Fig.l  TCj  and  DTA  of  the  metallo  -organic 
solution  of  PLZT(8  /0  /  100). 
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Fig. 2  TG  and  DTA  of  the  mctallo-organic 
solution  ofPLZT(8/  65/  35). 

For  the  PLZT(8  /  0  '  100)  solution,  the  total 
weight  loss  (in  static  air)  is  about  81  %  ,  which  is  consistent 
with  the  calculated  values.  There  are  three  major  stages  of 
weight  loss.  The  first  stage  ,  occurring  at  145  ‘C  ,  is  due 
to  solvent  evaporation  while  in  the  temperature  range  260U 
'  5I0T'  the  weight  loss  consists  of  two  stages  at  which  the 
organics  burn  off  In  the  DT A  curve  of  PLZT(  8/0  /  100) 
,  there  is  an  exothermic  peak  at  520  U  because  of 
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crystallization;  the  exothermic  peak  at  860  t:  is  due  to  the 
transformation  from  a  rhombohedral  structure  to  a 
tetragonal  structure,  and  the  exothermic  peak  at  lOSOt:  is 
due  to  the  transformation  from  one  tetragonal  structure  to 
another  tetragonal  structure. 

As  shown  in  Fig.  2,  the  total  weight  loss  of  the 
PLZT(8  /  65  /  3S)solution  is  about  79  %  ,  which  also 
agrees  with  theoretical  calculations.  There  are  two  major 
stages  of  weight  loss;  the  first  stage,  occurring  at  14012  ,  is 
also  attributed  to  solvent  evaporation  while  that  at  35512 
corresponds  to  burning  off  the  organics.  At  46512  ,  only 
one  exothermic  peak  due  to  crystallizing  appears. 

After  removal  of  organics  by  firing  at  39012  in  air, 
amorphous  powders  and  films  of  PLZT(8  /  65  /  35)  are  ob¬ 
tained.  Fig.  3  shows  the  DTA  study  on  the  crystallization 
kinetics  of  PLZT(8  /  65  /  35)  powders  and  films  on  Si 
substrates.  By  increasing  the  heating  rate  p,  the  peak  tem¬ 
perature  Tp  shifted  to  higher  temperatures.  The  apparent 
activation  energy  E  and  frequency  factor  v  are  calculated  us¬ 
ing  Kissinger^s  method’. 
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(a)  Powder 


400  440  480  520  560  600 


T 

(b)  Film  on  Si 

Fig.3  DTA  plots  at  different  heating  rates, 
for  the  amorphous  PLZT(8  /  65  /  35) 

(a)  powder  and  (b)  film. 

The  PLZT  Powder  has  a  v  value  of  1.4  x  10*  s”', 
and  an  E  value  of  70  kJ  /  mol.  The  same  experiments  on  the 
PLZT  film  gave  lower  values  of  v  and  E  of  451  s^'and  55 
kJ  /  mol.  The  v  value  of  the  powder  is  higher  than  that  of 
the  film  so  that  the  powder  crystallized  more  easily  than  the 
film  at  same  temperature,  though  its  E  value  is  slightly 
higher  than  that  of  the  film. 

As  shown  in  Fig.  3  (  b)  ,  there  is  an  exothermic 
peak  at  an  even  lower  temperature,  which  may  be  due  to  the 
film  transforming  to  the  pyrochlore  phase  from  the  amor¬ 
phous  phase,  and  has  values  of  v  and  E  of  7.8  x  lo’  s"  '  and 
143  kJ  /  mol.  This  means  that  metastable  pyrochlore  always 
forms  before  the  perovskite  structure  from  an  amorphous 


structure  because  its  v  value  is  much  higher  than  that  of  the 
perovskite  structure,  even  though  its  E  value  is  higher  than 
that  of  the  perovskite  structure. 

Figs.  4  and  5  show  the  XRD  paiiems  for  the  piowde,' 
and  films  of  PLZT(8  /  0/ 100)  at  various  firing 
temperatures.  For  PLZT(  8/  0/  100)  ,  two  modifications 
of  the  perovskite  structure  can  be  obtained:  one  is 
rhombohedral  (a -0.3948  nm.  a  ^89.61  )  when  annealed 

in  air  at  550  12  ,  another  is  tetragonal  (a  =  0,3909  nm, 
c  =  0.4046  nm,  c/a=  1.035)  when  annealed  in  air  over 
105012  .  This  agrees  with  the  results  of  the  DTA. 

Fig.  6  shows  the  XRD  patterns  for  films  of 
PLZT(8  /  65  /  35).  A  pure  perovskite  structure  can  be  ob¬ 
tained  by  annealing  in  air  at  550  12  . 
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Fig. 4  The  XRD  pattern  for  PLZT(8  /  0  /  100)  power. 
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Fig, 5  The  XRD  pattern  for. films  of  PLZT(8/0  /  100) 
on  sapphire  substrates.  The  indicated 
peaks  are  not  characteristic  of  PLZT 

The  thick  crack-free  final  films  consist  of  several 
single  layer  crack-free  films,  whose  formation  is  dependent 
on  the  precursors  and  substrate,  the  time-  tempicraturc 
profile  of  annealing,  and  more  importantly  the  heating 
rate.  According  to  the  processing  method  given  in  Ref  4, 


at  a  heating  rate  of  3  XT  /  min  to  the  firing  temperature,  we 
can  obtain  a  crack-free  single  layer  film  with  a  thickness  of 
about  136  nm. 


PLZT (8/65/35) /Si/550°C 
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Fig. 6  The  XRD  pattern  for  films  of 
PLZT{8  /  65  /  35)  on  a  silicon  substrate. 

The  electrical  properties  of  films  with  thicknesses 
from  408  nm  to  1632  nm  are  measured.  At  room  temper¬ 
ature,  the  measured  capacitance  values  for 

PLZT{  8/0/100)  films  indicate  values  of  the  dielectric 
constant  K  in  the  range  100-150.  Fig. 7  shows  the  frequency 
dependence  of  the  dielectric  constant  K  and  dissipation  fac¬ 
tor  D  of  the  PLZT(  8/0  /  100)  films.  The  dielectric  con¬ 
stant  decreases  with  increasing  frequency  below  400  kHz. 
then  increases  sharply.  The  dielectric  loss  varies  little  be¬ 
tween  lOOHz-lOOkHz. 


Frequency  (  Hz  ) 

Fig.7  Dielectric  constant  and  dissipation  factor 
versus  frequency  for  PLZT(8  /  0  /  100)  films. 


The  temperature  dependence  of  the  dielectric  prop¬ 
erties  is  presented  in  Fig.  8  for  a  660  nm  PLZT(  8  /  65  /  35) 
film  on  ITO  /  glass  substrate  heat  treated  at  550  t:  for  1 
hour. 

The  dielectric  constant  K  of  the  film  is  much  lower 
than  in  the  bulk  ceramic  PLZT(  8  /  65  /  35)  the  Curie 
point  is  about  244C  which  is  much  higher  than  that  of  the 
bulk,  and  the  temperature  dependence  of  K  shows  a  broad 
transition  range.  This  behavior  is  supposed  to  related  to  the 
nano  grain  sizes  of  the  films. The  grain  sizes  of  the  films  an¬ 
nealed  at  550  C  are  below  50  nm‘.  It  is  reasonable  to  be¬ 
lieve  that  no  normal  ferroelectric  domains  still  exist  in  such 
nanosized  grains.  Another  reason  is  that  the  La  molar  frac¬ 


tion  and  the  ratio  of  Zr  /  Ti  in  the  film  sample  are  lower,  as 
the  results  of  X-  ray  micro-  analysis  using  an  electronic 
probe  indicated.  At  room  temperature,  the  films  have  a 
dielectric  constant  K  of  450  and  a  dissipation  factor  D  of  less 
than  4  %  at  IkHz.  The  K  values  of  the  films  were  smaller 
than  the  corresponding  values  for  bulk  PLZT(  8  /  65  /  35)  * 

.  and  this  behavior  is  also  mainly  related  to  the  smaller  grain 
sizes  of  the  films. 


(b) 


Fig.8  (a)  Dielectric  constant  and  (  b)  dissipation 
factor  versus  temperature  for  a  PLZT 
(  8  /  65/35)  film  on  a  ITO  /  Glass  substrate. 

Fig.  9  shows  the  hysteresis  loop  for 
PLZTf  8/0  /  100)  film  at  room  temperature,  with  a  spon¬ 
taneous  polarization  P,  of  11.4  /iC/cm’  and  a  coercive 
field  E,.  of  90  kV  /  cm  at  50  Hz.  The  thickness  of  the  film  is 
1632  nm.  At  1  kHz.  the  P,  and  E^  are  12.2  ^C/cm^ 
and  35  kV  /  cm  respectively. 

The  hysteresis  loop  for  PLZT(  8  /65/  35)  film 
(  660  nm  )  at  room  temperature  is  shown  in  Fig.  10.  The 
spontaneous  polarization  P,  is  !4.7 /iC  /  cm^  and  the  coer¬ 
cive  field  Ej  is  1 14  kV  /  cm  at  50  Hz. 
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Conclusions 


Lead  1  anihanum  Zirconate  Titanate  (PL.ZT)  films 
were  prepared  by  metallo-organic  decomposition  (MOD) 
method.  The  crystallization  kinetics  of  PLZT  powders  and 
films  (on  Si  substrates)  have  been  studied  using  DTA.  A 
pcrovskite  structure  crystallizes  from  decomposed  amor¬ 
phous  precursors  in  the  temperature  range  420-  570  C  . 
With  apparent  activation  energies  of  crystallization  E  are  55 
kJ  /  mol  and  70  kj  /  mol  with  pre-exponential  frequency 
factors  V  450  s  '  and  1.4  x  10  *  s  '.  A  metastable 
pyrochlore  phase  always  forms  during  the  crystallization  of 
the  films  from  amorphous  phase,  with  an  activation  energy 
and  a  frequency  factor  of  143  kJ  /  mol  and  7.9  x  10  ’  s"'  . 
Two  modificatiijns  ot  the  perovskite  structure  can  be 
obtained  for  PI.ZT(8/  0/  100);  one  is  rhombohedral  with 
a-  0.3948nm  and  3-89.61  °  when  annealed  in  air  at 
550'C.'  ,  and  the  other  is  tetragonal  with  a -0.3909  :im, 
c  ^  0.4046  nm  and  c  /  a  -  1.035.  Dielectric  constant,  dissi¬ 
pation  factor  and  P-E  hysteresis  loops  were  measured.  For 
PI.ZT(8/0  /  100)  annealed  at  550  C,  the  dielectric  constant 
K  is  115,  the  loss  tangent  D  is  0.01  (  1  kHz),  the  sponta¬ 
neous  polarization  P,  is  1 1 .4  /jC  /  cm^  and  the  coercive  field 
F.^  is  90  kV  /  cm  (50  Hz),  all  at  room  temperature.  For 
Pr.ZT(  8  /  65  /  35)  annealed  at  550t:  .  K  -  450,  D  -  0.02 
(I  kHz),  P,-  14  7;iC/cm^andE,=-  114kV/cm(50Hz). 


(a) 

(x:  100  kV/cm/div;  y;  8.14  /iC/cm^/div) 


(b) 


(  X.  117  k V  cm  div;  y;  7.58  nC'/cm^/div  ) 

Fig. 9  P -F.  hysteresis  loop  at  (a)  50  Hz,  and  (b)  1  kHz 
for  a  PLZT(8  '  0  /  100)  film  on  a  Pt/  G.C  substrate. 


(  x:  326  kV/cra/div;  y:  18.7  gC/cra^/  liv  ) 

Fig. 10  P-E  hysteresis  loop  at  50  Hz  for  a  PLZT 
(8  /  65  /  35)  film  on  a  ITO  /  Glass  substrate. 
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Abstract 

Thin  film  electro-optic  (EO)  and  non-linear  optical 
(NLO)  materials  are  of  interest  for  applications  in  high 
speed  integrated  optical  devices.  Materials  of  the  system 
Pbi-x/100Lax/l00(Zry/i00Til-y/l00)l  x,/400O3  or  PLZT 
x/y/(100-y)  are  attractive  since  they  can  be  integrated 
into  Si  and  GaAs  substrates  using  suitable  deposition 
techniques.  In  this  investigation  we  examine  the 
structural  properties  of  RF  magnetron  sputter-deposited 
PLZT  using  x-ray  absorption  near  edge  spectroscopy 
(XANES).  For  XANES  analysis  four  samples  were 
selected:  1)  a  highly- oriented  PLZT  28/0/100  film 
(~4500A)  deposited  on  AI2O3  (1102),  2)  a  highly- 
oriented  PLZT  28/0/100  film  (~4500A)  deposited  on 
Si02  (2um)  over  Si(lOO),  3)  a  highly-oriented  PLZT 
28/0/100  film  (~4500A)  deposited  on  Si02,  and  4)  a 
commercial  ceramic  wafer  of  PLZT  9/65/35.  The 
XANES  experiments  were  performed  at  the  Stanford 
Synchrotron  Radiation  Laboratory  (SSRL)  using 
electron  yield  and  fluorescence  techniques.  Data  was 
taken  at  the  Ti  K-edge  (4966  eV)  and  compared  to 
reference  spectra.  Of  the  reference  spectra,  the  Ti  K- 
edge  spectra  of  the  PLZT  most  closely  resemble 
perovskite  (SrTi03).  The  surface  and  bulk  thin  film  are 
similar  and  all  the  28/0/100  spectra  resemble  9/65/35, 
indicating  similar  cubic  perovskite  structures  for  these 
materials. 

Introduction 

ITiin  film  (<=  Ipm)  PLZT  has  large  EO  or  NLO  effects 
as  compared  to  the  corresponding  bulk  material.  These 
effects  make  it  a  possible  candidate  for  use  in  integrated 
electro-optical  devices  such  as,  waveguides,  modulators, 
mixers,  shutters,  frequency  doublers,  and  memory 
devices.  In  such  applications  the  PLZT  is  sputter 
deposited  onto  a  Si  or  GaAs  base  which  has  been 
overlaid  with  a  Si02  buffer  layer.  The  PLZT  film 
deposited  by  sputtering  has  a  cubic  perovskite  structure 
with  the  [100],  [110]  or  [111]  direction  normal  to  the 
plane  of  the  substrate  [1].  Fo.-  films  deposited  by  the 
sol-gel  method  the  grains  are  randomly  distributed  with 
no  preferred  orierttation  [2].  The  electro-optic  effects 
demonstrated  by  P-LZT  vary  depending  on  the 
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composition,  thermal  history  and  applied  voltages. 
Field-induced  birefringence  and  field- induced  secondary 
harmonic  generatior.  are  thought  to  be  related  to  a)  the 
field-induced  anisotropic  orientation  of  ferroelectric 
domains  and  b)  a  contribution  of  the  nonlinear 
susceptibilities  of  the  material  which  contain  electronic 
and  ionic  contributions  [3].  The  susceptibilities  of  the 
material  have  been  modeled  using  an  anharmonic 
oscillator  which  represents  the  motion  of  the 
octahedrally  coordinated  cation  (e.g.  Ti)  in  the 
perovskite  structure  [4].  When  applied  external  fields 
are  large  the  centrosymmetry  of  the  films  may  be 
broken  due  to  field  induced  polarization,  polarization 
switching  or  induced  phase  changes.  The  fundamental 
building  blocks  of  the  oxygen  octahedra  or  the  lattice 
structure  of  the  materials  is  affected  and  high-order  EO 
effects  appear. 

In  this  paper  we  make  measurements  of  the  Ti  K  X-ray 
absorption  near  edge  structure  (XANES).  XANES  is 
very  sensitive  to  the  structural  environment  in  which 
the  absorbing  atom  is  located.  Slight  changes  in  the 
symmetry,  bond  lengths  and  species  of  the  coordinating 
atoms  have  significant  effects  on  the  measured 
absorption  spectra.  The  XANES  was  measured  for  thin 
film  PLZT  on  differing  substrates  and  bulk  ceramic 
material. 

Experimental 

Thin  film  PLZT  of  the  system  Pbj.x/lOO  Lax/ 100 
(Zry/100  Til -y/i 00)1 -x/4()0  O3  OT  PLZT  x/y/(100-y)  was 
prepared  using  a  radio  frequency  magnetron  sputtering 
technique  incorporating  compound  ceramic  targets.  For 
the  investigation  three  samples  were  prepared;  1)  a 
highly-oriented  PLZT  28/0/100  film  (~4500A) 
deposited  on  AI2O3  (li02),  2)  a  highly-oriented  PLZT 
28/0/100  film  (~45(X)A)  deposited  on  Si02  (2-pm)  over 
Si(lOO),  3)  and  a  highly-oriented  PLZT  28/0/1  (K)  film 
(~4500A)  deposited  on  SiO.  In  addition,  a  commercial 
ceramic  wafer  of  PLZT  9/65/35  was  also  used. 

Figure  1  shows  the  layer  structure  for  a  PLZT 
waveguide  modulator  using  the  above  materials  and 
deposition  techniques.  The  SiO.'>  is  used  as  a  butter 


layer  since  its  index  of  refraction  (n~1.5)  is  less  than  the 
PLZT  film  (n~2.5).  A  -1000 A  ITO  (indium  tin  oxide, 
n~l,8))  superstrate  serves  as  a  capping  layer  and  contact 
electrode.  As  can  be  seen,  the  set  of  samples  selected 
for  this  investigation  permit  an  examination  of  the  effect 
of  the  PLZT  /  substrate  interaction  and  comparsion  to 
bulk  ceramic  material  of  a  different  composition 
(28/0/100  vs  9/65/35). 

For  the  XANES  several  reference  spectra  samples  were 
used:  l)5pm  Ti  foil,  2)powdered  Ti02  (anatase,  rutile, 
brookite,  3)powdered  Ti203,  4)powdered  NiTi03  and 
5)powdered  SrTiOi.  For  XANES  experiments,  all  the 
powdered  samples  were  ground  to  a  fine  mesh  (400), 
suspended  in  duco  cement  diluted  with  acetone  and 
spread  in  a  thin  layer  (~25pm)  on  aluminum  foil. 

The  Ti  foil  was  used  to  determine  the  K-edge  position 
(4966.4  eV)  of  Ti  metal.  The  remaining  oxides  were 
aligned  with  respect  to  the  metal  edge.  Anatase,  rutile 
and  brookite  show  the  sensitivity  of  the  XANES 
technique  to  slight  changes  in  the  coordination  geometry 
about  the  absorption  site.  Anatase  is  tetragonal  [5]  with 
the  each  Ti  atom  having  6  oxygen  neighbors  ranging  in 
distance  from  1.91  to  1.95  A,  while  rutile  (having  the 
cassiterite  form,  also  tetragonal)  has  Ti-0  bondlengths 
ranging  from  1.95  to  1.98  A.  Brookite  is 
orthorhombic  with  each  Ti  atom  having  near  neighbor 
oxygen  bondlengths  from  1.87  to  2.04  A.  In  rutile 
there  is  one,  and  anatase  two  short  oxygen-to-oxygen 
separations  at  2.43  A.  Brookite  also  has  close  anion- 
anion  contact  with  oxygen-oxygen  separations  varying 
upwards  from  2.49  A.  Ti203,  is  rhombohedral,  having 
Ti  in  a  higher  oxidation  state  (+3)  with  octahedrally 
coordinated  oxygen  distances  from  2.01  to  2.08  A. 
This  structure  can  be  considered  as  a  slightly  distorted 
hexagonal  close-packing  of  oxygen  ions  with  the  small 
Ti  ions  lying  in  some  of  the  interstices.  The 
arrangement  is  illustrated  by  ilmenite  (FeTi03)  if  its 
two  types  of  metallic  atoms  are  taken  as  identical. 
LiTa03  has  the  ilmenite  structure  and  is  a  ferroelectric 
crystal.  The  NiTi03  standard  used  in  this  study  also  has 
the  ilmenite  structure.  SrTi03,  has  the  cubic  perovskite 
structure  with  Ti  coordinated  by  six  oxygen  atoms  in  the 
faces  of  the  cube  and  Sr  at  the  comers.  SrTi03  may  be 
paraelectric  down  to  at  least  IK  and  is  possibly  induced 
fe  Toelectric  by  an  electric  field  at  low  temperature. 

The  XANES  experiments  on  the  above  samples  were 
performed  at  the  Stanford  Synchrotron  Radiation 
Lab  ratory  (SSRL).  At  SSRL,  beam  line  IV- 1  (a 


Figure  1.  PLZT  wafer  structure  for  waveguide  modulator. 

wiggler  side  station)  was  used  while  the  storage  ring  was 
being  run  in  a  dedicated  mode  with  the  electron  beam 
energy  at  3  GeV  and  a  stored  beam  current  of  30- 
80mA.  A  Si  (220)  double  crystal  monochromator 
detuned  approximately  50%  to  reduce  beam  harmonics 
was  used  to  select  the  desired  X-ray  energy  in  the 
vicinity  of  the  Ti  K-edge  at  4966.4  eV.  The 
monochromator  slits  were  adjusted  to  1mm  which 
provided  a  resolution  of  approximately  0.3eV  at  the  Ti 
K-edge.  Scans  were  made  from  l(X)eV  below  the  Ti  K- 
edge  energy  to  350eV  above  the  Ti  K-edge  energy.  At 
the  K-edge  the  monochromator  was  moved  in  steps  of 
approximately  0.25eV  and  above  the  edge  (-H20eV)  the 
step  size  was  adjusted  to  produce  a  step  of  1-2  eV  or  a 
step  less  than  or  equal  to  0.06  A'L  Both  fluorescence 
and  total  electron  yield  data  were  collected.  The 
fluorescence  yield  data  were  taken  in  the  standard 
manner  with  the  sample  at  a  45  degree  angle  to  the 
incident  X-rays.  The  total  electron  yield  data  were 
collected  simultaneously  with  fluorescence  data.  The 
simultaneous  collection  of  fluorescense  and  total 
electron  yield  data  allows  a  comparison  of  surface  (~  top 
500  A)  and  bulk  signals  originating  from  different 
depths  within  the  sample. 

Results  and  Discussion 

The  XANES  for  ploymorphs  of  Ti02  (anatase,  rutile 
and  brookite)  are  shown  in  Figure  2.  In  this  figure  the 
zero  of  energy  is  taken  at  the  K-edge  for  the  Ti  metal 
which  is  at  4966.4  eV.  In  all  of  these  samples  the  Ti  is 
surrounded  by  6  oxygen  near  neighbors.  Note  the 
sensitivity  of  the  spectra  to  the  changes  in  the 
bondlength  and  coordination  geometry  as  described 
previously.  The  features  from  approximately  0  to  12 
eV  are  1  s  ->  3d  bound  state  transitions  which  are  dipole 
forbidden  but  quadrapole  (very  weak  transition) 
allowed.  If  the  center  of  inversion  at  the  Ti  site 
distorted  then  the  dipole  becomes  allowed  and 
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Figure  2  Ii  K-eilge  XANIiS  of  Tif)?  aianalase. 
b)brixtkiie,  anti  v.  'ruiiie  The  zero  of  ener‘:v  is  taken  .ji 
ihc  Ti  metal  K  edge  (4966  4  eV*. 

becomes  stronger  for  more  distorted  octahedra.  The 
features  at  the  top  of  the  absorption  rise  are  due  to  Is  -> 
4p  transitions  and  multiple  scattering  effects  which  are 
followed  at  higher  energy  by  the  oscillations  due  to  the 
extended  X-ray  absorption  fine  structure  (EXAFS). 
This  region  begins  at  30  to  50  eV  above  the  K 
absorption  edge  and  is  not  examined  in  this 
investigation. 

In  Figure  3  the  XANES  of  Ti203,  NiTiOy  and  SrTiOy 
are  compared  to  thin  film  PLZT  (28/0/100)  on  a  Si 
substrate  with  a  Si02  buffer  layer.  Note  that  the  SrTi03 
exhibits  the  closest  resemblance  to  the  PLZT  film.  As 
discussed  above,  SrTi03  has  a  cubic  perovskite 
structure.  The  match  of  SrTiOy  is  not  outstanding 
because  the  reference  sample  was  polycrystalline  and  the 
PLZT 's  highly  oriented  in  the  direction  perpendicular 
to  the  substrate  and  randomly  oriented  in  the  substrate 
plane.  Since  synchrotron  radiation  is  highly  polarized 
in  the  plane  of  the  storage  ring,  bonds  along  the 
polarization  direction  are  enhanced,  whereas  for  the 
polycrystalline  reference  all  bonds  are  equally  sampled 
by  the  x-radiation.  The  Ti203  and  NiTi03  spectra  are 
quite  different  from  the  PLZT  film  but  resemble  each 
other  except  in  the  Is  ->  3d  region  where  NiTiOy  .shows 
a  more  intense  transition  indicative  of  higher  distortion 
in  the  Ti-0  octahedral  cage.  This  similarity  is  not 
totally  surprising,  since  NiTiOt  and  Ti203  can  both  be 
represented  by  a  HCP  array  of  oxygen  atoms  with  the 
metal  cations  in  some  of  the  intersties. 

Figure  4  shows  the  XANE.S  for  the  various  PLZT 
samples  considered  in  this  investigation.  It  should  be 
noted  that  the  features  from  -50  to  60  eV  above  the  Ti 


K  absorption  edge  are  due  to  artifacts  in  the  Si  (220) 
monochromator  used  and  are  not  part  of  the  absorption 
features  or  the  EXAFS.  All  of  the  spectra  in  Figure  4 
were  collected  in  the  fluorescence  mode  except  for  the 
28/0/100  on  Si02  which  was  examined  in  both  the 
fluorescence  and  electron  yield  mode.  Note  that  the  data 
for  the  electron  yield  is  noisier  than  for  the  fluorescence 
data.  This  is  due  to  charge  build-up  and  subsequent 
discharging  in  the  insulator.  However,  the  major 
features  of  the  e-yield  and  fluorescence  data  are 
identical,  lliis  indicates  that  the  structure  in  the  top 
-500  A  is  the  same  as  in  the  lower  -4000  A  since  e-yield 
is  sensitive  to  the  surface,  and  fluorescent  yield  samples 
to  depths  (-50,000  A)  well  beyond  the  film  thickness. 
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Figure  3.  Ti  K-edge  XANKS  of  a)lhin  film  PI  ZT 
2H/0/U)0  on  Si02/Si,  b)  SrTiO^.  clNiTiOji,  and 
dlTijO.V 
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Figure  4.  Ti  K-edgc  XANKS  of  PLZT  materials  (all 
taken  in  fluorescent  yield  except  a  which  was  taken  in 
electron  yield)  a)  28/0/lCK)  PLZT  on  S1O2.  b)  28A)/HK1 
PLZT  on  SiO:.  028/0/100  PLZT  on  AI2O3.  d)28/0/|00 
PLZT  on  S1O2/S1.  c)V/65/.^5  commercial  wafer. 


Comparison  of  the  fluorescence  data  for  the  28/0/KK) 
PLZT  on  Si02,  AI2O3  and  Si02/Si  shows  that  these 
spectra  are  essentially  identical,  llie  spinel  structure  of 
alun'''^a  or  the  tetrahedrally  coordinated  Si  in  silica  have 
no  apoarent  effect  on  the  resulting  structure  of  the 
PLZT  ovcrlayer.  Further  comparsion  of  all  the 
28/0/l(X)  data  and  the  y/6.S/35  PLZl'  shows  only  nrinor 
differences.  Bulk  9/65/.L3  also  has  the  cubic  perovskite 
structure  as  does  28/0/100  Pl.ZT.  Ihe  Is  ->  3d 
transition  for  the  9/(i5/^5  sample  is  more  intense  which 
indicates  a  higher  degree  of  disorder  iti  the  Ti-O 
octahedral  cage  than  in  the  thin  film  28/()/l(K)  PLZl'. 

Bulk  ceramic  28/0/1  (K)  PLZT  is  paraelectric  and  has  a 
cubic  perovskite  crystal  structure.  lk)W'evcr,  thin  film 
28/0/100  possesses  the  largest  LO  coefficient  among 
(x/O/lOO)  series  [6|.  Compaiison  of  the  delta  n  vs.  F, 
curves  of  28/0/100  with  normal  and  Pb  deficient 
compositions  shows  that  the  normal  composition  has  a 
considerably  larger  field  induced  birefringence  (FIB) 
13|.  It  has  been  suggested  that  this  birefringence  is  due 
to  a  variety  of  effects  including  distortions  in  the  Fi-O 
octahedral  building  blocks  of  the  material  17|.  F-rom  the 
investigation  conducted  here  it  should  be  possible  to 
make  a  direct  structural  measurement  of  such  distoitions 
since  XANF.S  is  very  sensitive  to  such  <*ffecls. 

Conclusion 

The  XANHS  of  four  PLZ.'P  samples  have  been  measured 
and  compared  to  standard  reference  spectra  for  which 
the  structures  are  known,  lliin  film  ("45()0A,)  28/0/100 
PLZT  on  Si02.  AI2O3,  and  Si()2/Si  all  have  similar 
spectra  indicating  that  the  substrate  or  substrate  buffer 
layer  does  not  influence  the  bulk  properties  of  the  thin 
film  overlayer.  Also,  the  surface  layer  (top  --5(K)Ai  of 
28/0/100  PLZT  on  an  Si02  substrate  is  the  same  as  the 
underlying  bulk  thin  film.  All  of  these  spectra  were 
similar  to  the  spectra  of  bulk  ceramic  9/65/3.^  PLZT 
which  has  the  cubic  perovskite  structure.  Of  the 
reference  spectra  used  (Ti02{anata.se,  rutile,  brookile). 
Ti203,  NiTiO^  (ilmenite  structure),  and  Sr'I'iO^ 
(perovskite  structure))  the  PLZT  thin  film  and  bulk 
ceramic  exhibited  spectra  most  similar  to  .SrTiOr.  litis 
work  demonstrates  that  the  XANF/S  technique  is  very 
sensitive  to  distortions  in  the  I'i  O  octahedral  building 
blocks  of  these  materials  and  shoukl  be  a  useful 
diagnostic  for  stnictural  changes. 
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ABSTRACr 

The  electrical  pniperties  iit  iniilti-iun-beani  reactive 
sputter  (MIBHRS)  deposited  PZr(?()/50)  thin  tilms  were 
chiiracterized  in  terms  of  low -filed  dielectric  response,  high-field 
polarizatitin  hysteresis,  switching  characteristics,  fatigue  and 
retention  behaviors,  l-V  response,  time  dependent  dielectric 
breakdown,  and  C-V  behavior.  Many  of  the  properties  are 
found  quite  processing-sensitive.  This  opens  much  oppoitunity 
of  property  modification  of  the  tilms.  The  techniques  ol  rapid 
thermal  annealing  (RTA)  and  low  energy  oxygen  ion 
bombardment  seem  very  u.seful  tor  such  a  purpose. 

I.  INTRODUCTION 

Detailed  electrical  chtiracterization  is  essential  to  the 
development  ot  ferroelectric  thin  tilms  toi  device  application 
Being  thin,  the  ferroelectric  films  behave  differently  from  bulk 
materials,  and  their  properties  are  usually  highly  processing- 
dependent.  Therefore,  processing  optimiziition  is  critical  to 
trbtain  desirable  properties,  iind  in  return  property 
measurement  offers  a  convenient  reference  in  the  optimizatit'ii 
of  processing  conditions. 

Among  various  deposition  techniques  used  in  growth  of 
ferroelectric  thin  films,  multi-ion-beam  reactive  sputter 
(MIBERS)  deposition  holds  high  promise  mainly  due  to  its  etisy 
control  over  film  composition  and  great  flexibility  in  processing 
modification,'  In  this  paper,  most  properties  of  interest  to 
memory  applications  tire  chtiracterized  for  MlBtiRS  deposited 
PZT  thin  films,  including  low-field  dielectric  response,  high-field 
polarization  (P-E)  hysteresis,  switching  chtiracteristics,  fatigue 
and  'etention  behaviors,  capacitance-voltage  (C-V)  hysteresis, 
dc  current-voltiige  (l-V)  chiiracteristics  and  time  dependent 
dielectric  breakdown  (TDDB)  behaviors.  Meanwhile,  their 
dependence  on  processing  is  highlightetl. 

II.  EXPERIMENTAL 

PZT  films  with  Zrfl'i  rtitio  of  50/50  were  deposited  by 
the  MIBERS  technique  on  Pt  coated  Si  and  bare  Si  substr;ites, 
and  crystallized  by  either  conventittnal  furnace  annealing  or 
rapid  thermal  annealing  (RTA).'  Gold  was  sputter-deposited  to 
make  the  top  electrodes,  whose  area  was  either  0,0028  cm-  or 
0,0007  cnr.  Thus  metal-ferroelectric-metal  (MF  M)  capacitors 
or  metal-ferroelectric-semiconductor  (MTS)  transistors  were 
formed.  The  MFS  transistors  were  used  for  C-V  measurement, 
while  MFM  capacitors  were  used  for  all  the  other  measurements. 

The  frequency  dependent  dielectric  responses  and  C-V 
characteristics  were  measured  by  a  computer-controlled  HP 
4192A  low  frequency  impedance  iinalyzer.  P-E  hysteresis  loops 
were  measured  by  either  a  computer-controlled  modified 
Sawyer-Tower  circuit  or  a  RT66A  ferroelectric  tester  (Radiant 
Technologies,  Inc.).  Switching  characteristics  were  recorded  by 
a  LeCroy  93I0M  Dual  .300  MHz  oscilloscope  following  a 
standard  switching  circuit.  l-V  and  TDDB  measurements  were 
carried  out  on  a  HP  4 HOB  pA  meter/dc  voltage  source. 
Fatigue  and  retention  behaviors  were  characterized  by  using  the 
RT66A  tester. 

HI.  RESULTS  AND  DISCUSSION 


A.  Dielectric  restxrnse 
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Fig.  1.  Frequency-dependence  ot  k  and  tuns  ot  the  tilms 
(0.5/1  thick)  annealed  by  ( 1 )  R  1  A  at  650'‘(  lor  1  s.  and 
(2)  furnace  at  650''C’  tor  2  h.  (oscillation  level  O.OIV), 

Figure  I  comparatively  shows  the  typical  results  ot 
frequencv-dependence  of  room-temperature  low-field  dielectric 
constant  and  loss  of  the  PZT  films  annealed  by  the  two 
different  methods,  at  the  same  temperature  of  65()"C'.  Roughly 
speaking,  over  ;i  fairly  wide  frequency  range  (  lO-lOtXlkHz)  both 
films  have  nearly  the  same  dielectric  constant  (about  1400)  and 
dissiptition  factor  (about  0.02)  with  very  small  dispersion.  In 
other  words,  crystallization  by  R1 A  is  so  fast  that  in  1  s  the 
films  c;in  attiiin  the  same  crystallinity  as  in  the  case  ot  furnace 
annealing  tor  2  h  Such  a  last  process  appears  much  like  an 
"explosive  crystallization",*  However,  liistinctions  can  be  point 
i>ut  at  the  two  ends  of  the  measureti  frequency  range.  At  the 
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Fig.2.  Evolutin  of  dielectric  consttint  (at  lOOkHz)  of  the 
films  with  (a)  temperature  during  the  heating  process  of 
furnace  annettling,  and  (h)  temperature  of  R1  .A. 
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Fig.3.  Conduction-compensated  P-E  hysteresis  loops  of  the  films  (l).5u  thick)  annealed  by 
RTA  at  650'’C  for  varied  time;  (a)  1  s,  (b)  15  s,  (c)  30  s,  (d)  60  s. 


low  frequency  range  (<I0kHzJ,  small  dispersion  in  the 
dissipation  factor  can  be  found  for  the  RTA  films  but  not  for 
the  furnace  annetiled  films.  This  is  attributable  to  relatively 
higher  conductivity  in  the  RTA  films  caused  by  a  higher 
residual  Pb  content.  At  the  high  frequency  range  (>  lOOOkHz), 
the  furnace  annealed  films  are  more  dispersive  than  the  RTA 
film.s,  which  is  characteristic  t)f  thicker  interface  barriers.' 
Therefore,  it  can  be  suggested  that  RTA  is  definitely  better  in 
the  sen.se  of  minimizing  interface  reaction,  while  it  should  take 
a  little  longer  to  reduce  the  residual  Pb  content  althtmgh  1  s 
looks  enough  for  crystallization  of  perovskite  phase. 

The  evolutions  of  dielectric  constant  tif  the  tilms  with 
annealing  temperature  were  shown  in  Fig. 2  for  both  annealing 
methods.  As  can  be  seen,  while  the  evolution  of  dielectric 
constant  during  furnace  annealing  is  rather  slow,  an  abrupt 
increase  to  the  saturtition  value  in  the  dielectric  constant  is 
observed  in  the  case  of  RTA  within  the  temperature  range  from 
400  to  45()"C.  These  results  further  substantiates  the 
effectiveness  of  RTA.‘ 

B.  Polarization  versus  field 

Figure  3  shows  a  set  of  P-E  hysteresis  loops  t)f  the  films 
annealed  by  RTA  at  630'’C  for  different  time.  It  can  be  noted 
that  they  till  hiive  nearly  the  same  remanent  polarization  of 
about  20  ^C7cm*,  although  the  coercive  field  seems  decreasing 
slightly  with  increasing  annealing  time.  This  is  consistent  with 
the  results  of  dielectric  measurements  described  above,  and 
again  exhibits  the  nature  of  "explosive  crystallization"  by  RTA. 
The  lower  coercive  field  in  the  case  of  longer  annealing  time  is 
presumably  due  to  relative  higher  crystallinity  and  "purer" 
structure  of  the  films,  as  more  defects  (Including  residual  Pb) 
and  grain  boundary  phase  would  be  annealed  out  as  annealing 
time  increased. 

C.  Switching  characteristics 

It  has  been  found  that  with  the  assistance  of  low-energy 
oxygen  ion  beam,  many  electrical  properties  of  MIBERS 
deposited  ferroelectric  films  can  be  favorably  modified.'^  The 
switching  characteristics  were  studied  comparatively  between 
PZT(5()/'5())  films  grown  with  and  without  low-energy  oxygen 
ion  bombardment.  Typical  switching  characteristics  of  the  films 
are  shown  in  Fig.4,  in  which  only  V(I)  transients  resulting  from 
the  two  positive  pulses  of  double  bipolar  pulse  input  were 
recorded.  In  the  measurement,  the  sample  was  inititilly 
polarized  negatively  with  negative  pulses.  The  first  positive 
pulse  resulted  in  a  gross  switching  transient  (GS)  caused  by  the 
ferroelectric  domain  reversal  (charge  density  of  the  capticitor 
chtinged  by  50  ~  2PJ  plus  a  normtil  capacitor  charge  transient 
(50  ~  Ps'Pr)'  where  P^  and  P^  denote  respectively  the 
spontaneous  polarization  and  remanent  polarization  of  the  films 
under  the  measurement  condition.  The  second  positive  pulse 


Fig.4.  Switching  characteristics  of  (a)  the  non-bombarded 
films  and  (b)  the  bombarded  lilms.  both  annealed  .it 
65()"C  for  1  h. 

gave  rise  to  a  non-swiiching  Iransieiu  (NS)  merely  due  to  the 
normal  capacitor  charge.  The  dilleience  ol  these  two  curves 
then  leads  to  a  net  switching  transient  (SI’)  due  to  sole 
ferroeleetric  domain  reversal. 

The  switched  charge  tiensity  (Oj  can  be  determined  b\ 
the  area  under  the  SP  curve  divided  bv  the  load  resist.ince  R, 
and  the  electrode  area  A  and  should  be  close  to  2P,.  It  can  be 
seen  from  Fig.4  that,  under  the  sa  ne  measurement  conditions, 
the  SP-covered  area  (and  thus  the  Oj  for  the  bombarded  films 
is  much  larger  than  that  for  the  non-bonib.irded  films,  and  is 
consistent  with  the  ftict  that  the  low-energy  oxygen  ion 
bombtirdment  largely  enhanced  the  remanent  polarization  ot 
the  films,’' 

It  c;in  he  found  in  Fig.4  that  the  switching  time  t,. 
defined  as  the  time  from  the  onset  to  a  point  ‘■HVr  down  from 
the  maximum  value  of  the  SP  curve,'  is  about  2.50  ns  for  the 
non-bombarded  films  and  about  260  ns  for  the  bombarded 
films.  Noting  the  values  of  O.  in  the  respective  cases  are  10. .S 
^C/cm"  and  18.5  nC/cm'  as  determined  from  Fig,4.  the 
difference  in  t„  is  small  and  not  proportional  to  the  large 
difference  in  Ov  As  the  relation  t,  ci  Q,  holds  in  each  case  and 
the  coercive  field  comes  into  the  proportional  coefficient," 
comparison  can  be  made  between  these  two  kinds  of  the  films 
by  using  the  ratio  t^O^.  It  is  this  ratio,  rather  than  t,.  that 
reflects  the  easiness  of  a  switching  process.  For  the  bombarded 
films  this  ratio  is  tippreciably  smaller  than  that  for  the  non- 
bombarded  films.  Phis  fact  implies  that  the  domain  reversal  in 
the  bombarded  films  is  dynamically  more  favorable  and  can  be 
related  to  the  lower  coercive  fields  ot  these  films  compared 
with  the  non-bombarded  films,’ 
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The  switching  time  in  the  present  case  appears  rather 
large,  ranging  from  tens  of  nanosecond  to  a  few  microsecond. 
This  is  due  to  the  relatively  large  electrode  areas  used.’  Figure 
5  shows  both  load  resistance  (R, )  and  electrode  area  (A) 
dependencies  of  the  switching  time.  Assuming  a  linear 
dependence  of  switching  time  on  the  electrode  area  as 
reported,^  the  switching  time  is  estimated  to  be  about  6  ns  for 
A=  1000  nm"  and  less  than  1  ns  for  A=  1  tim'  at  Vp=  12V  and 
Rl  =  50  n,  being  consistent  with  other  reported  results.'* 
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Fig.5.  Dependence  of  t^  on  Rj  and  A.  Measured  from  the 
non-bombarded  films  annealed  at  650‘’C. 

To  further  quantify  the  dynamics  of  domain  reversal,  the 
relation'*  tj=t„exp(a/F.),  i.e.  logt,^=logt^,+a/(2.303E)  was  used 
to  determine  the  activation  field  a  for  both  bombarded  and 
non-bombarded  films.  Figure  6  shows  data  on  field  dependence 
of  switching  time  and  the  fitting  lines  to  the  above  relation, 
yielding  an  o  of  284  kV/cm  for  the  non-bombarded  films  and 
an  a  of  197  kV/cm  for  the  bombarded  films.  As  expected,'*  the 
a  value  in  either  ca.se  is  about  4  times  the  respective  coercive 
fields  (E,,).  The  E^  is  about  55  kV/cm  for  the  bombarded  films 
and  about  75  kV/cm  for  the  non-bombarded  film.s,  obtained 
from  the  polarization  hysteresis  loop  under  a  60  FIz  sinusoidal 
electrical  field.'* 
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Fig.7.  Fatigue  behavior  of  the  films  under  tl70  k\'  cm 
bipolar  pulse  cycling,  shown  are  P  =  P,(  -r  )-P,(-).  .m  J  P', 
=  P,(-i-)-P,(-).'and  alike. 
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Fig.8.  Retention  of  the  polarization  ot  the  films,  written 
by  a  -5V  pulse  and  then  read  by  -t-5V  and  -5V  pulses. 

The  difference  in  fatigue  and  retention  behaviors 
between  the  bombarded  and  non-bombarded  films  is  that  for 
the  bombarded  film.s  the  initial  polarization  is  higher  but  decays 
faster,  and  becomes  similar  to  that  of  non-bombarded  film.s 
after  10'**  switching  cycles  or  10*  s  retention. 

E.  1-V  and  TDDB  behaviors 


rise 
1/E  (lO'^’cm/kV) 

Fig.6.  Dependence  of  t^  on  the  applied  field  (E)  for  (a) 
the  bombarded  films  and  (b)  the  non-bombarded  films, 
both  annealed  at  650“C. 

D.  Fatigue  and  Retention 

Figure  7  shows  fatigue  behavior  in  polarization  of  the 
non-bombarded  films  under  ±17(1  kV/cm  bipolar  pulse  cycling. 
It  can  be  seen  that  the  decay  in  polarization  is  less  than  20% 
after  10'**  switching  cycles. 

Figure  8  shows  the  retention  of  the  polarization  of  such 
film.s,  measured  by  applying  initially  a  -5  V  write  pulse  and 
afterwards  +5  V  and  -5  V  read  pulses.  The  lo.ss  in  the  stored 
charge  is  le.ss  than  10%  after  10*  s. 


Figure  9  shows  the  results  of  measurement  on  I-V 
response  of  both  the  bombarded  and  non-bombarded  films, 
annealed  at  6(X)*’C  for  2  h.  Several  interesting  dilferences  can 
be  noted  between  the  bombarded  films  and  the  non-bombarded 
films:  (a)  The  ohmic  resistivity  of  the  bombarded  tilms 
(— 3xJ0“  ncm)  is  about  one  order  of  magnitude  higher  than 
that  of  the  non-bombarded  films  (-3x10"'  ncm).  (b)  The  onset 
voltage  of  the  space-charge-dominant  conduction  is  much  higher 
for  the  btimbarded  films  (—12  V)  than  for  the  non-bombarded 
films  (—3  V).  (c)  The  bombarded  films  have  much  higher 
dielectric  breakdown  strength  compared  with  the  non- 
bombarded  films  (—770  kV/cm  versus  -350  kV/cm,  under  the 
indicated  measurement  conditions).  It  was  also  found  that  for 
films  annealed  at  higher  temperatures,  these  differences 
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Fig.9.  I  -V  curves  of  the  films  (annealed  at  bOO'C  for  2h). 
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become  less  significant  while  the  values  of  the  non-bombarded 
films  approaches  those  of  the  bombarded  films.  These 
differences  may  be  due  to  the  difference  in  the  microstructure 
and  the  degree  of  non-stoichiometry  between  these  two  kinds 
of  films,'  and  are  being  under  further  investigation. 

TDDB  of  the  ferroelectric  films  is  believed  to  have  close 
relation  to  the  I-V  behavior  since  both  of  them  are  due  to  the 
motion  of  charge  carriers.'"  Figure  10  shows  the  TDDB 
characteristics  of  the  above  mentioned  films  annealed  at  680“C 
tor  2  h.  As  expected,  the  bombardment  induced  effect  on 
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Fig.  10.  TDDB  behavior  of  the  films  under  a  constant  dc 
field  of  45()kV/cm  (0.7^  thick,  annealed  at  680‘'C  for  2h). 

TDDB  is  amazingly  large.  Under  the  same  dc  field  of  450 
kV/cm,  the  non-bombarded  films  break  down  in  about  50  min, 
while  the  bombarded  films  can  last  for  925  min. 

F.  C-V  characteristics 

Ferroelectric  films  on  semiconductors  have  been 
proposed  to  be  used  in  metal-ferroelectric-semiconductor 
(MFS)  configuration  for  non-destructive  read-out  (NDRO) 
memory  devices  by  making  use  of  the  ferroelectric  field  effect 
which  can  be  observed  in  terms  of  the  typical  capacitance- 
voltage  (C-V)  characteristics."  Therefore,  C-V  measurements 
were  cairied  out  in  the  MFS  configuration  with  the  PZT  films 
on  hare  Si  substrate  to  study  the  ferroelectric  field  effect. 
Figure  1 1  shows  typical  C-V  patterns  for  both  furnace  annealed 
films  and  RTA  films.  It  can  be  .seen  that  in  both  cases  there 
exist  C-V  hysteresis  loops  which  reflect  the  ferroelectric  nature 
of  the  films  and  are  necessary  to  realize  the  memory  function." 
Flowever,  significant  difference  between  the  two  can  be  pointed 
out  from  the  different  rotation  directions  of  the  hysteresis  loops. 
In  the  case  of  RTA  films,  the  C-V  loop  is  dominated  by  the 
ferroelectric  polarization  limited  mode  (Fig.  1  l.a),  while  for  the 
furnace  annealed  films,  the  rotation  direction  of  the  C-V  loop 
indicates  a  trap  limited  or  carrier  injection  limited  mode 
(Fig.ll.b)".  This  difference  can  be  again  attributed  to  the 
different  interface  conditions  between  the  RTA  films  and  the 
furnace  annealed  films," 

IV.  SUMMARY 

A  series  of  electrical  properties  of  MIBERS  deposited 
PZT  films  were  characterized  in  relation  to  the  processing 
conditions.  Many  of  them  are  found  quite  processing-sensitive, 
particularly  dielectric  constant,  remanent  polarization,  switching 
characteristics,  I-V  response,  TDDB,  and  C-V  response.  This 
opens  much  opportunity  of  property  modification  of  the  films. 
The  techniques  of  RTA  and  low-energy  oxygen  ion 
bombardment  seem  very  useful  for  such  modification. 
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Fig.ll.  Typical  C-V  loops  of  MFS  configuration  of  films 
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annealed  at  65()‘’C  for  2  h. 


REFERENCED 

1.  S.B.Krupanidhi,  H.Hu  and  V. Kumar.  J.  Appl.  Phys.  7l. 
376  (1992). 

2.  H.Flu,  C.J.Peng  and  S.B.Krupanidhi,  Submitted  to  Thin 
Solid  Films. 

3.  M.Sayer,  A.Mansingh,  A.K.Arora  and  A.Lo.  Integrated 
Ferroelectrics  1,  129  (1992). 

4.  H.Hu  and  S.B.Krupanidhi,  in  this  issue  of  proceedings. 

5.  J.F, Scott,  L.Kammerdiner.  M. Parris,  S.Traynor, 
V.Ottenbacher,  A.Shawabkeh  and  W.F. Oliver.  J.  Appl. 
Phys.  64,  787  (1988). 

6.  W.J.Merz,  J,  Appl.  Phys.  27,  938  (1956). 

7.  B.P.Maderic,  L.E.Sanchez  and  S.Y.Wu,  Ferroelectrics 
116,  65  (1991). 

8.  S.K.Dey,  C.K.Barlingay,  J.J.Lee,  T.K.GIoerstad  and 

C. T.A.Suchicital,  in  Proceedings  of  the  Third  Symposium 
on  Integrated  Ferroelectrics,  Colorado  Springs,  Colorado, 
April  1991,  p.30. 

9.  J.C.Burfoot  and  G.W.Taylor.  Polar  Dielectrics  and  Dteir 
Applications  (Macmillan,  Ltmdon,  1979),  chap.  12. 

10.  B.M.Melnick,  C.A.Paz  de  Araujo,  LD.McMillan. 

D. A.Carver  and  J.F.Scott,  Ferroelectrics  1 16,  79  (1991). 

11.  S.Y.Wu,  IEEE  Trans.  Electron  Devices  21,  499  (1974). 


443 


SOL-GEL  LEAD  ZIRCONATL-TITANATE  THIN  FILMS: 
EFFECT  CF  SOLUTION  CONCENTRATION 

C.  L  vage,  A.  Safari  and  L.  C.  Klein 
Rutgers-the  State  Univer?  ty  cf  New  Jer5j*y 
Department  of  ceramics 
?.0.  Bex  909 

Piscataway,  NJ  08055-0909 


Abst ract.  :  The  microstructure  development  of 
PZT  compositions  near  the  morphotropic  phase  boundary, 
P2T  '-.0  PT/50  PZ)  and  PN2T  (2  Mb205/53  PT/45  PZ)  ,  has 
been  investigated  by  scanning  electron  microscopy 
(SEM),  optical  micr  ”COpy,  and  X-ray  diffraction 
analysis  (XRD)  .  The  molar  concent  rat  ior*  of  the  pre¬ 
cursor  alkoxide  solution  has  been  increased  to  0.75M 
from  that  of  previous  studies,  around  0.20M.  Thin 
films  have  been  fabricated  by  spin  coating  Pt/Ti/ 
3i02/Si  substrates  with  the  alkoxide  solution.  It  is 
found  that  in  the  solutions  with  high  molar  concen¬ 
trations,  perovskite  phace  forms  at  lower  temperatures 
than  found  previously  in  dilute  solutions.  In 
\ddition,  the  microst cuctute  of  the  films  is  dense  and 
uniform,  shewing  none  of  the  spheruiites  found 
previously  [ 1 ] . 


iQtroduct 

The  fabrication  of  ferroelectr- c  PZT, 

Pb  (Zr^Ti  ^3  thin  film  form  has  generated  consid¬ 
erable  interest  recently  for  nonvolatil-*  semicon¬ 
ductor  memory  cells  [2,3,4].  A  number  o*  deposition 
methods  have  been  investigated  including  RF  sputter¬ 
ing,  laser  ablation,  chemical  vapor  deposition  <CVD) 
and  chemical  solution  processes  suc.i  as  sol-gel  or 
metallo-organic  decomposition  (MOD).  Solution  pro¬ 
cessing  circumvents  many  of  the  problemr,  associated 
with  the  synthesis  of  complex  multi-componetw 
materials,  since  it  offers  the  possibility  of  the 
prepatc-tion  of  L''mogereou3  compositions  by  molecular 
mixing  in  solution.  This  can  lead  to  uniform 
incorporation  of  dopants  and  reduced  temperature 
processing  which  allow  integration  with  semicon¬ 
ductors.  Another  advantage  is  that  the  rheological 
properties  of  solutions  facilitate  the  formation  of 
fibers,  composites  or  thin  films  by  techniques  such  as 
spin-casting,  dip-coating  or  impregnation. 

The  chemistry  of  the  sol-gel  process  is 
based  on  hydrolyzat ion  and  polycondensation  of 
molecular  alkoxide  precursors.  The  effects  of  the 
formation  of  polymeric  struc^'ures  during  the  hydro- 
lysis-condensation  proc ess  on  the  development  of 
properties  in  the  products  is  not  fully  understood 
(5].  The  reactions  between  alkoxides,  the  sol-ents, 
the  molarity  and  the  hydrolysis  rates  are  all  ‘actors 
in  determining  the  characteristics  of  gels  and  films. 

This  wo*-k  describes  the  preparation  of  PZT 
precursor  solution.'^  by  an  improved  chemical  method. 
These  solutions,  iii  which  we  c  utrol  the  hydrolysis  of 
suitable  metal  alkoxide  precursors,  are  used  to  spin- 
cast  thin  layers  of  PZT  (50/50)  and  PNZT  (2/53/4j) 
doped  with  2  mole  %  of  niobia.  We  show  the  effects  of 
the  hydrolysis  rates  and  aDcoxide  concentration  on  the 
deposition  characteristics,  the  microstructure  of  the 
thin  layers,  and  the  crystalline  phase  development. 
Comparing  the  experimental  result  obtained  between  PZT 
and  PNZT,  we  study  also  the  effects  of  dopants  on  PZT 
thin  layers.  Finally,  we  find  from  comparisons  with 
bulk  powders  that  in  thin  layers  the  formation  of  the 
perovskite  phase  is  affected  by  stress  and  substrate 
interactions . 


Experimental  Prcced^re 

The  choice  ot  the  solvent  and.  precursors  was 
based  on  the  following  requi rertient s .  The  solvent 
3h<^oid  have  the  proper  boiling  point,  viscosity  ana 
surface  tension  for  the  coating  process.  The  sciutio.n 
formed  should  have  a  high  conoe.nt  rat  ion  cf  the  com¬ 
ponents  and  be  stable  under  a.TdCient  conaiciens.  With 
these  considerations,  a  procedu’e  was  adapted  from 
earl'-er  works  [6,7].  Lead  acetate  trihydrate, 

Pb  (CH3CO2 )  2  -  zirconium  propoxide,  -  (C3H7O)  4, 

titanium  iscprcpoxide  Ti  I  (CH3) 2THOJ 4  and  nictiom 
ethoxide,  Nb(C2H30)5  were  used  as  starting  mate  lals 
with  2-methoxyethanoi  as  a  so-. vent  .  Tc  prevent 
hydt->lytic  reactions  lead  acetate  was  first  dissolved 
in  mei  hoxyethanol  and  associated  water  was  boiled  oft 
by  heating  at  llO^C  tor  2  hears  under  nitrogen.  After 
dehydration,  the  lead  sclution  was  c'^c^ed  to  FC'^C  and 
then  zirtonium,  titanium  and  niobium  alktxides,  m:xe.i 
in  a  methoxyethanol  solution,  were  added  in  the 
required  stoichiometric  ratio.  The  resulting  mixture 
was  refluxed  at  125^C  for  2  hours,  cooled  tc  room 
temperature  and  adiusted  to  0.75  M  to  form  the 
precursors  solution.  As  described  earlier  by  Laker-iar. 
et  ai.,  an  FT-IR  analysis  the  precursor  sciuticn 
showed  that  all  alkcxy  groips  and  part  of  the  acetate 
groups  were  replaced  by  the  chel-f  ing  2 -met hoxyet hy 1 
group  103.  Since  individual  .  ,^llic  specie*  were 
bonded  to  the  same  ligand,  a  close  rate  of  hydroly.sis 
and  condensation  can  be  expected,  leading  to  a  high 
degree  of  homogeneity  of  metal  distribution  in  gels 
or  thin  layers  { 9 j  . 

Gels  were  obtained  by  mixing  different 
amounts  of  water  with  the  precursor  solutions.  At  tc'm 
temperature  the  homogeneous  solutions  set  to  a  trans¬ 
parent  gel,  in  one  week  for  a  solution  prepared  adding 
10  moles  of  water  per  lead,  and  two  days  with  20 
moles.  Entrapped  solvent  was  removed  from  the  cels  1:  y 
heating  at  100*^0  for  two  aays,  leading  tc  a  desic¬ 
cated  gel . 

Thin  layers  were  obtained  by  a  multi¬ 
layering  spin-casting  technique.  The  precursor  solu¬ 
tions  were  applied  to  platinum  coated  silicon  sub¬ 
strates  (Pt/Ti/Si02/Si)  through  a  filtered  (O.c  ^Lm) 
syringe,  and  then  the  substrates  were  spun  at  4000  rpm 
for  30  s.  The  films  were  subjected  to  low  temperature 
treatment  (300^0  for  solvent  removal  and  partial 
organic  pyrolysis;  then  further  deposition  could  be 
made  without  redissolving  the  layers.  By  adjusting 
either  the  concentration  of  the  solution  or  the  numi'er 
of  coatings,  the  required  thickness  was  achieved. 

After  the  final  spin-coating,  densif icat ion  and 
crystallization  into  the  perovskite  structure  were 
achieved  by  firing  the  substrate  at  600*^0  for  Ih. 

A  systematic  study  was  made  in  order  to 
examine  the  effects  of  process  parameters  such  as  the 
amount  of  water  and  alkoxide  rriolarity  on  the 
crystallinity  of  the  perovskite  phase  and  on  film 
microstructure  Microstructural  information  was 
obtained  by  scanning  electron  microscopy  (SEM)  and 
characterization  of  crystalline  phases  by  X-ray 
diffraction  (XRD).  In  order  to  investigate  *'he 
different  steps  of  formation  of  the  inorganic  networ^. 
thin  films  and  desiccated  gels  were  subjected  to 
increasing  heat  treatment  from  400  to  600'^C. 
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Results  and  Discussion 

Effects  q£  solution  concent  cation :  The 
first  series  of  experiments  was  designed  to  study  the 
effects  of  sol  concent  rat  ion  on  the  casting  properties 
of  the  solution  and  to  determine  their  consequences  on 
the  microst ructure  of  PZT  films.  Various  amounts  of 
met hoxyet hanoi  were  mixed  with  the  starting  aikoxide 
solution  in  order  to  adjust  the  molarity  of  the 
solution.  Five  formulations  with  varying  concen¬ 
trations  were  used  for  these  studies.  The  viscosity  of 
each  solution  was  measured,  and  wet  films  were 
produced  by  spinning  at  4000  rpm  for  30s.  Crystal¬ 
lization  of  the  perovskite  phase  was  achieved  by  heat 
treating  at  600®C  for  Ih.  The  thickness  of  the  films 
was  measured  using  a  prof ilometer . 

Fig.  1  shows  that  the  viscosity  increases 
rapidly  with  the  alkoxide  concentration.  As  described 
by  Scriven,  with  the  spin-coating  technique,  control¬ 
ling  the  viscosity  of  the  precursor  solution  is  a  way 
to  adjust  the  thickness  of  the  film  (10,11).  For 
example,  using  the  0.75  M  spin-casting  solution, 
typically  a  thickness  of  0.1  fim/layer  is  obtained, 
whereas  using  a  0.25  M  solution  the  thickness  of  a 
single  layer  is  around  0.02-0.03  |im. 

For  gocd  ferroelectric  properties,  the  films 
must  be  uniform,  dense  and  crack-free.  All  these 
qualities  are  more  likely  achieved  with  submicron 
films  (0.2-0. 7  |im)  produced  using  the  higher  concen¬ 
tration  solution  (0.75  M) .  SEM  photomicrographs  (not 
shown  here)  of  a  0  . 5  p-m  thick  film  show  uniform  films 
with  fine  grained  microstructures.  This  micro¬ 
structure  was  also  observed  on  a  film  with  an 
equivalent  thickness,  but  which  required  more  layers 
deposition  of  a  more  dilute  solution  (0.50  M) . 

Comparing  the  microstructure  of  a  variety  of 
thin  films,  we  observed  that  increasing  the  molarity 
of  the  casting  solution  lead  to  a  very  dense  micro¬ 
structure,  appearing  fully  dense  for  the  0,75  M 
solution.  This  reduction  of  film  porosity  may  be 
attributed  to  the  smaller  proportion  of  solvent 
evaporated  during  the  firing  process.  Using  a  higher 
concentration  solution  increased  not  only  the  thick¬ 
ness  of  Che  films  but  also  its  quality.  Additionally, 
a  reduced  number  of  deposition  steps  is  more  desirable 
because  it  rr.akes  the  process  cleaner  and  less  time- 
consuming  [  12  ]  . 

By  XRD  all  films  show  pure  perovskite  phase 
with  good  crystallinity.  The  mean  crystallite  size  was 
estimated  by  the  Scherrer  equation  [13]  analyzing  the 
line-broadening  for  the  (110)  peak  of  the  X-rays 
pattern ,  Correction  of  the  instrumental  broadening 
was  made  using  the  (111)  silicon  peak  of  the  substrate 
as  internal  standard.  The  mean  crystallite  sizes  are 
.more  or  less  the  same  for  the  different  concentration 
solutions,  around  50-70  nm. 


Tnflnpnce  of  watex:  Addition  ot  water  to 
the  alkoxide  solution  results  in  hydrolysis  followed 
by  condensation  reactions  and  the  eventual  development 
of  a  polymeric  gel  network.  The  purpose  of  this 
investigation  was  to  vary  the  hydrolysis  ates  in  the 
formation  of  PZT  (50/50)  and  PNZT  (2/53/45)  films. 

Then  we  characterized  the  evolution  of  stiucture  and 
determine  which  processing  conditions  were  most 
suitable  for  the  fabrication  of  a  thin  dielectric 
layer . 

Various  amounts  of  water  were  added  to  the 
0.75  M  precursor  solution.  The  quantity  of  water  was 
defined  as  the  number  of  moles  added  for  one  mole  of 
lead  dissolved  in  the  solution  (R„= [H2C/Pb] ) .  The 
prehydrolyzed  solutions  were  aged  for  24  hours  prior 
to  spinning.  Due  to  the  chelating  properties  of  the 
methoxyethoxide  ligand,  the  solutions  have  a  low 
sensitivity  to  moisture  during  the  coat  .ng  process 
[91  . 

XRD  patterns  of  PZT  and  PNZT  films  obtained 
with  solutions  made  increasing  the  amount  of  water  are 
shown  in  Fig. 2  and  3.  All  composition  films,  heat 
treated  at  600°C  for  Ihour,  transformed  to  well 
crystallized  perovskite  phase.  However,  PNZT  thin 
layers  appeared  to  have  a  small  proportion  of  a  pyro- 
chlore  phase  as  shown  by  the  very  broad  peak  at  30^ 

(26) .  In  contrast  PZT  films  show  only  pure  perovskite 
phase.  As  shown  by  the  similar  X-ray  patterns  of 
films  made  with  Rvi^2,  increasing  the  hydrolysis  rate 
during  the  sol-gel  process  does  not  affect  signi¬ 
ficantly  the  crystallinity  of  the  perovskite  phase. 
Grain  size,  estimated  by  the  Scherrer  equation, 
appeared  to  be  relatively  independent  of  water 
content,  with  values  from  60  to  80  nm. 

Another  feature  to  note  is  that  layers 
derived  from  prehydrolyzed  solutions  tended  to  be  more 
oriented  in  the  [110)  direction  as  shown  by  the 
different  x-ray  values  of  peak  height  ratios 
(100)/(110)  (Table  1).  This  ratio  for  films  prepared 
without  water  was  similar  to  that  for  powder  samples 
(JCPDS)  with  a  value  around  5-6.  In  contrast,  all 
prehydrolyzed  films  show  a  peak  height  ratio  value  two 
time  greater  around  10-12.  This  difference  in  crystal¬ 
lization  may  be  attributed  to  different  oligomeric 
species,  or  polymeric  structures,  produced  during 
hydrolysis  and  condensation  (14,15).  In  addition, 
analyses  of  the  microstructure  of  the  films,  show  that 
non  hydrated  solutions  produced  dense,  crack-free 
layers,  while  those  containing  water  showed  a  tendency 
to  form  cracks.  This  may  be  attributed  to  a  faster 
gelation  rate  in  the  prehydrolyzed  solutions  compa.  ^d 
to  the  rate  of  evaporation  of  the  solvent. 

As  described  for  the  MOD  process,  based  on 
the  use  of  high  molecular  weight  precursors  and 
solvents,  with  a  lower  condensation  rate,  the  films 
first  shrink  with  the  evaporation  of  solvent  and  then 
crosslinking  occurs  during  the  decomposition  of  the 
metallo-organic  compounds  [16,17].  Films  made  with 
non-prehydro lyzed  solutions  seem  tc  be  able  to  lose 
solvent  and  shrink  concurrently  with  the  formation  of 
a  continuous  polymeric  gel  during  the  coating  process. 

From  the  experimental  results,  it  is  clear 
that  additions  of  water  do  not  improve  the  crystal¬ 
linity  of  the  films  and,  instead,  lead  to  micro¬ 
structure  defects.  Better  PZT  thin  films  using  the 
chemical  process  described  above  can  be  easily 
prepared  with  non-prehydrolysed  solutions. 

Electrical  properties  were  measured  by 
depositing  platinum  electrode  dots  on  the  top  of  a  0.5 
nm  PZT  film  prepared  with  the  0.75  M  solution  with  no 
water  added.  The  films  presented  typical  P-E 
symmetrical  hysteresis  loops.  The  remanent 
polarization  and  the  coercive  field  were  measured  to 
be  6,5  nC/cm^  and  55  KV/cm. 


Fig.  1:  Viscosity  cf  the  .sol  as  a  tunction  of  the 
molarity  cf  the  precursors  .solution. 
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Fig.  2:  X-ray  diffraction  pattern  of  PZT  thin  films  on 
platinized  silicon  substrates,  increasing  the  amount 
of  hydrolysis  water  (heated  at  600  C  for  Ih)  . 


c 
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Fig.  3:  X-iay  diffraction  pattern  of  PNZT  thin  films 
on  platinized  silicon  substrates,  increasing  the 
amount  of  hydrolysis  water  (heated  at  600  C  for  Ih) . 


Cryst^alline  phase  development:  In  order  to 
investigate  the  steps  of  formation  of  the  perovskite 
phase,  PZT  and  PNZT  films  treated  at  400,  450,  500  and 
600*^0  for  1  hour  have  been  studied  by  XRD  analysis.  X- 
ray  diffraction  results  for  non  prehydrolyzed  PZT 
films  and  PZT  films  prepared  with  Rw=5  are  shown  in 
Figs.  4(a)  and  4(b),  respectively. 


For  all  compositions  with  different  amounts 
of  water, thin  films  show  the  same  crystallization 
process:  Heat  treatment  at  400*^0  resulted  in  the 
formation  of  a  very  broad  "amorphous"  )iump  at  30^  (2 
0) ,  the  only  diffraction  peaks  present  being  due  to 
the  silicon  and  platinum  constituents.  Broads  peaks, 
29.5,  34.5,  49.5  and  59°  (20),  corresponding  to  a 
pyrochlore  phase  (A2B2O6  or  AB2O7)  appear  at  450°C. 
Further  heating  promotes  development  of  the  perovskite 
phase  so  that  by  600°C  virtually  all  pyrochlore  has 
been  eliminated  and  thin  layers  exhibit  pure  perov¬ 
skite  phase.  As  reported  before  by  earlier  works 


[lej,  heating  the  film  at  600°C  for  1  min  using  the 
rapid  thermal  annealing  (RTA)  process,  a  direct 
transition  from  amorphous  to  perovskite  phase  occurs, 
thus  avoiding  the  formation  of  the  pyrochlore  phase. 


tMO  .  RMCtI 


Fig.  4:  Effect  of  )  at  treatment  temperature;  XRD 
patterns  of  PZT  thin  films  on  platinized  silicon 
substrates,  heat  treated  1  h,  (a)  R„=0  and  (b)  R„=5. 
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Fig.  5:  Effect  of  heat  treatment  temperature;  XRD 
patterns  of  PZT  gel  powders  (a)Rw=10  and  (b)R^^=20. 


446 


The  XWD  pattered  ot  PZT  qol  pewdet 

heat,  tieated  at  400,  4b0,  bOO  ai.d  oOO'-'C  fot  Ih,  aie 

shown  in  fig  bta),  in  cornpai  isv-Ji  with  a  PZT 
(R^^-ZO)  in  Fic[.  b  (b)  .  Below  ^OC-’C  yoi  powders  w»-Le 
amorphous;  between  400  and  4b0'-''  PbO  litharge  st:':,:- 
ture  was  oh'tained;  and  alcove  4b0’'’'  the  gel  exhibite.l  a 
pure  porovskite  phase.  This  sequen.oe  was  typical  tor- 
all  comp)OS  it  ions  with  difteretit  anv-unts  ot  water. 
Surprisingly,  peiovskitt;  toia.at  ion  in  gel  powders  was 
not  inhibited  t^y  a  K:w  ten^p-e t  at  ur e  pyi  ochlooc 
format  ion . 

f'oi  i  f;  I  1j  -1  yo  i  ,  ;j  ■  .  >d.j :  !  .  .-na  i  o  x  y a  1  i  i  ne 
phases  vttiei  than  pyiooni  and  pc'tovsKrte  could  be 

detected  by  XRD.  Ifu-  os.-n •  -.-t  a  L'b  deticient 
pyrochlore  phase  ir.  i  h .  .n  iayeis  i  r.s;  ead  of  the  PbO 
phase  in  gels  o^ulo  t:r:r.  •  tc-  lost  of  Pb  ciur  ing 

the  heating  pro'ess  or  riiits.  Th:s  related  to  the 
higher  evaporation  laie  t'..r  tilrrs  than  tor  desiccated 
gels  due  to  the  high  sviilact,-  aiea  compared  to  the 
surfaoe/volume  rati-  -r  a  p\'udet  [191. 


Another  teat 
torn-;at  ion  of  the  nor.r 
layers  is  det  r  irnenr  a  ! 
perovskite  phase.  Witr; 
peaks  corresponding  o- 
observed  for  the  Pr.T  a 
this  1  ow  t  enipt.'  i  a’  u ;  >  - , 
pure  crystallii.v  1x0  ■  \' 
powders.  This 
the  peiovskire  .si,  I'.v:.. 
films  r-.t  eg  1  at  ^.;d.  .'i. 
cryst  ai  1  i  zjt  :  .  :  i-.-,- 

de.scribed  ly  : 

syster;  and  C'ouI.j  arise- 
int  e  :  -iot  i  t.'ri ,  in  i  .s  r '  ■  . 
devel  -pvd  du:  ng 
1191. 


ire  to  note  is  that  tne  iiiitial 
ri.eLc-oriic  pyrocMore  in  thin 
t;  the  crystal  i  i  zar  i-oii  of  the 

eat  tteaL:uent  at  450'“'C,  ordy 
o-  no  p-y  :  v..ohl  •• 'te  phase  are 
an  i  rtd’.r  tiim.s.  In  contrast,  at 
W'-  t  *.-.,1  the  tormation  of 
\  o  •;  i.  t  V  :  n  till.-  heat  treated 
.'O.  w.s  t  nat  the  development  wt 
ir,.  le  difficult  in  thin 
•.r  in  Ov.mpaiison  with  the 

, guls.  This  has  been 

:  ,1  E't  ;  oNb^/?) 

t-  r  S'ut.'SC  rat e- f  i im 

..n  .  .1 ;  :  'i  :  s-vj  1  .shtiirkage  .t  films 


C ; srij-.-a  : .  ng  \  :,o  pe  i 
in  gels  tormvd  wit:;  oifrci' 
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Cv-ncldsicaa 

Crack-free,  submicton  ferroelectric  PZT 
(50/50)  and  PNZT  (2/53/45)  thin  films  were  prepaied  o 
platinum  coated  silicon  with  a  0.75  M  precursors 
solution.  Using  a  lower  concent  rat  ion  solution  the 
coating  process  requires  mcDre  layers  deposition  to 
achieve  the  desired  thickness.  In  addition,  the  pore 
sity  of  the  film  seems  to  increase  when  the  molarity 
of  the  precursor  solution  decreases. 
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ABSTRACT  RESULTS  AND  DISriLSSION 


Thin  films  of  lead  zirconate  titanate  (PZT) 
were  deposited  on  a  variety  of  substrates  using  the 
sol-gel  process.  These  included  Pt/Ti/Si02/Si, 
Ru02/Si02/Si,  Ru02/Mg0,  Pt/MgO  and  Pt/Ti/MgO. 
Epitaxial,  oriented  and  polycrystalline  films  were 
obtained  after  annealing  at  700°C  for  10  min. 
Polycrystalline  PZT  films  with  Ru02  as  top  and 
bottom  electrodes  show  superior  hysteresis  and 
fatigue  behaviour  as  compared  to  such  films  on  Pt. 
Epitaxial  films  on  Pt/MgO  and  Pt/Ti/MgO  display 
excellent  fatigue  behavior,  large  remnant  polarization 
as  compared  to  their  polycrystalline  counterparts  on 
Pt/Ti/Si02/Si.  The  results  suggest  that  different 
fatigue  mechanisms  may  be  simultaneously  operating. 

INTRODUCTION 

Extensive  research  is  being  carried  out  on 
ferroelectric  thin  films  of  lead  zirconate  titanate 
(PbZrxTij.xOs)  because  of  their  potential  applications 
in  DRAMs  and  non-volatile  memories  [1,21. 
Ferroelectric  memory  devices  have  many  attractive 
features  such  as  non-volatility,  radiation  hardness  and 
speed.  The  basic  requirements  of  such  a  memory 
device  are:  a)  the  switching  voltage  should  be  less 
than  5V  and  b)  the  films  should  be  able  to  withstand 
10’5  read/write  cycles,  although  10*®  cycles  also 
offers  device  possibilities  [3|.  PZT  is  a  promising 
candidate  among  the  various  ferroelectric  materials 
for  memory  applications.  It  has  a  large  remnant 
polarization  and  a  low  coercive  field  among  other 
properties.  However,  fatigue  is  of  major  concern  in 
terms  of  reliability  of  devices  made  from  PZT  films. 

The  various  techniques  that  have  been 
investigated  for  PZT  thin  film  deposition  include 
sputtering  [4,6],  laser  ablation  [5],  organometallic 
chemical  vapor  deposition  (CVD),  metalorganic 
decomposition  (MOD)  [3]  and  sol-gel  processing  [7]. 
In  this  study,  the  sol-gel  technique  has  been  used  to 
deposit  films  with  a  composition  of  PbZro.53Tio.47O3. 
An  attempt  has  been  made  to  understand  the  role  of 
the  electrode  type  and  film  crystallinity  on  fatigue. 
We  have  compared  two  sets  of  PZT  capacitors  with 
different  electrodes,  viz.  Ru0x/PZT/Ru02/Si02/Si  and 
Pt/PZT/Pt/Ti/Si02/Si.  Polycrystalline  thin  films  of 
Pt/PZT/Pt/Ti/Si02/Si  are  also  compared  with  epitaxial 
films  of  Pt/PZT/Pt/MgO  and  Pt/PZT/Pt/Ti/MgO  in 
terms  of  hysteresis  and  fatigue  behavior.  These  films 
were  processed  under  identical  conditions. 


Ruthenium  Oxide  vs  Platinum  Electrodes 

Polycrystalline  PZT  films  were  deposited  on 
Ru02  and  Pt  electrodes.  Hysteresis  and  fatigue  tests 
were  performed  on  Pt/PZT/Pt/Ti/Si02/Si  and 
Ru0x/PZT/Ru02/Si02/Si.  Fig.  1  and  Fig.  2  show  the 
hysteresis  loops  on  the  above  films.  The 
Ru0x/PZT/Ru02/SiO2/Si  capacitor  shows  higher 
remnant  polarization  values  in  comparison  to  the 
Pt/PZT/Pt/Si02/Si  capacitor.  However  the  resistivity 
of  the  PZr  film  with  ruthenium  oxide  electrodes  is 
about  two  orders  of  magnitude  lower(10^-109  ohm- 
cm).  Both  films  were  of  comparable  thickness  (0.15 
and  0.18  |im).  The  coercive  fields  for  both  films  are 
of  similar  magnitude  (100-120  kV/cm). 

EXPERIMENTAL 

The  procedure  for  the  preparation  of  stock 
solution  is  based  on  an  inverted  mixing  order 
technique  developed  at  Sandia  National  Laboratories 
[8|.  The  precursors  used  were  lead  (IV)  acetate, 
zirconium-n-butoxide  and  titanium-iso-propoxide. 
These  were  dissolved  in  methanol  and  acetic  acid. 
Water  was  added  to  make  the  final  molarity  0.4  M 
PZT.  Both  spin  on  and  dip  coating  techniques  were 
employed  to  make  films.  Each  film  was  formed  by 
multiple  layer  deposition  with  each  layer  being  heated 
at  300°  C  for  5  min.  in  order  to  convert  the  film  into 
an  inorganic  amorphous  structure  [7j.  Finally  the 
films  were  annealed  at  700°  C  for  10  min.  and 
rapidly  cooled  by  removing  them  directly  out  of  the 
furnace. 

Thin  films  of  PZT  were  deposited  on 
Ru02/Si02/Si,  Pt/ri/Si02/Si,  Ru02/MgO,  Pi/MgO  and 
Pt/Ti/MgO.  XRD,  TEM  and  field  emission  SEM 
were  used  to  characterize  the  films.  The  top  contacts 
were  fabricated  by  lift-off  photolithography.  In  the 
case  of  RuOx  top  electrodes,  ruthenium  metal  was 
first  sputtered  and  then  patterned  by  lift  off. 
Subsequently,  the  ruthenium  metal  contacts  were 
oxidized  in  pure  oxygen  at  500°  C  for  30  min. 
Measurements  were  done  on  electrodes  of  size  iOO  by 
100  pm  2  or  50  by  20  pm  2-  The  electrical 
measurements  included  hysteresis  and  fatigue  using 
the  RT-66A  ferroelectric  tester  from  Radiant 
Technologies. 
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Fig,  i  Hysteresis  loop  of  a  Pt/PZT/Pt/Si02/Si  film 


Fig.  2  Hysteresis  loop  of  an  RuOx/PZT/Ru02/Si02/Si 
Film 

Fig.  3  shows  the  fatigue  curves  of  the  two 
capacitors.  Here,  one  clearly  notices  the  superior 
performance  of  Ru0x/PZT/Ru02/Si02/Si.  After 
extrapolating  to  10'°  cycles,  the  value  of  (P*r-P''r)  is 
about  15  pC/cm2  for  Ru0x/PZT/Ru02/Si02/Si 
whereas  it  is  only  about  0.5  pC/cm^  for 
Pt/PZT/Pt/Ti/Si02/Si.  P*r  and  P^'r  refer  to  the 
switched  and  non-switched  polarization,  respectively. 
The  difference  (P*r-P^r)  is  equivalent  to  2Pr 
(assuming  a  symmetric  loop).  In  memory  applications 
a  capacitor  is  considered  to  have  failed  if  P*r-P‘'r  is 
smaller  than  0.5-2.0  pC/cm2  [9].  In  our  experiments 
we  have  chosen  2.0  pC/cm^  as  the  criterion  for 
capacitor  failure.  This  implies  that  the  polycrystalline 
PZT  film  on  Ru02  is  device  worthy  while  that  on  Pt 
is  not. 


10“  10’  !0‘  I0‘  10'  10'“ 

Cycles 

Fig.  3  Comparison  of  fatigue  on  Pt  and  RuO^ 
electrodes 


Limited  research  has  indicated  that  the 
conduction  process  in  PZT  based  capacitor  systems  is 
bulk  controlled,  especially  at  low  fields  (10, 11).  It 
was  observed  that  microstructure  of  PZT  film  on 
RuOt  was  different  from  that  grown  on  Pt.  This 
difference  may  contribute  to  the  higher  leakage 
current  observed  in  RUO2/PZT/RUO2  system  as 
compared  to  tliat  in  Pt/PZT/Pt  system.  In  contrast,  the 
higher  leakage  current  can  possibly  be  due  to  the 
lower  work  function  mismatch  between  Ru02  and 
PZT  as  compared  to  that  between  Pt  and  PZT  [121. 
This  difference  in  leakage  currents  may  be  related  to 
the  observed  difference  in  fatigue. 

Epitaxial  vs  Polvcrystalline  Films 

The  properties  of  epitaxial  PZT  films  in  the 
Pr/PZT/Pt/MgO  and  Pt/PZT/Pt/Ti/MgO  systems  were 
compared  with  those  of  polycrystalline  PZT  in  the 
Pt/PZT/Pt/Ti/Si02/Si  system.  To  separate  the  effect  of 
film  crystallinity  from  other  variables  (such  as 
electrode  type,  processing  parameters),  we  fabricated 
PZT  capacitors  under  the  following  conditions:  a) 
Pt/Ti  layers  were  simultaneously  deposited  on  MgO 
and  SiOs/Si  in  the  same  deposition  chamber,  b)  PZT 
films  on  both  substrates  were  made  under  identical 
processing  conditions. 

The  films  on  Pt/Ti/MgO  were  epitaxial  (the 
polarization  vector  oriented  only  perpendicular  to  the 
plane  of  the  film),  while  those  on  Pt/Ti/SiOi/Si  were 
polycrystalline.  The  grain  size  of  the  epitaxial  film 
and  polycrystalline  film  were  about  0.22  pm  and  0.15 
pm  respectively,  as  observed  by  TEM.  It  can  clearly 
be  seen  from  Fig.  4  that  the  epitaxial  film  displays 
better  properties  (higher  polarization  values  and  a 
more  square  loop)  as  compared  to  the  polycrystalline 
film.  The  higher  polarization  values  for  the  epitaxial 
film  can  be  attributed  to  the  high  c-axis  orientation  of 
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the  film.  Besides, the  more  square  loop  results  because 
there  is  no  stress  induced  polarization  reversal 
process  operative  to  slim  the  loop.  Thus  it  is  behaving 
more  like  a  single  crystal.  The  coercive  field  is  nearly 
the  same  for  the  two  films. 


Fig.4  Hysteresis  loops  of  epitaxial  and  polycrystalline 
films. 

A  comparison  of  the  fatigue  profiles  of  the  two 
films  is  shown  in  Fig.  5.  It  is  evident  that  the 
epitaxial  film  has  a  better  fatigue  life.  Alter  10' ‘ 
cycles,  the  value  of  P*r-P''r  is  about  22  pC/cm^  for 
Pt/PZT/Pt/Ti/MgO  whereas  it  is  only  0.5  pC/cm^  for 
Pt/PZT/Pt/Ti/SiOj/Si.  Both  the  top  and  bottom 
contacts  for  these  two  films  were  deposited  under 
identical  conditions.  However,  they  display  very 
different  fatigue  behavior.  This  leads  us  to  believe 
that  some  other  mechanism  besides  interface  and 
electrode  effects  is  also  responsible  for  fatigue.  This 
other  mechanism  could  involve  domain  wall  pinning 
at  structural  defects  in  the  film.  These  could  include 
point  defects  such  as  oxygen  vacancies  [13]  and 
possibly  planar  defects  .  Stress  could  be  an  important 
parameter.  It  should  be  noted  that,  in  distinct  contra.st 
to  the  polycrystalline  films  the  virgin  and  the 
switched  states  of  the  epitaxial  films  have  the  same 
stress  condition  (ie.  there  is  no  strain  associated  with 
the  switched  state).  There  is  therefore  no  stress- 
driven  mechanism  of  polarization  reversal.  This  is 
also  consistent  with  the  observation  that  loss  of 
retention  is  also  significantly  less  in  the  epitaxial  films 
(see  Fig.  6). 

An  epitaxial  PZT  film  was  also  grown  on 
Pt/MgO  omitting  the  Ti  adhesion  layer.  This  too 
displayed  larger  polarization  and  better  fatigue 
behavior  than  PZT  films  on  Pt/Ti/Si02/Si  as  shown 
in  Fig.  6.  The  polarization  values  of  of  this  film 
are  higher  than  those  of  the  PZT/Pt/Ti/MgO 
indicating  a  higher  degree  of  (001)  orientation. 


Fig.  5  Fatigue  profiles  of  epitaxial  and  polycrystalline 
films 


Field  (kV/cm) 


Fig.  6  Hysteresis  loops  on  Pt/  MgO  and  PtA'i/Si02/Si 

A  similar  study  on  the  effect  of  orientation  on  film 
properties  has  been  reported  by  Tuttle  et  al.[14]. 

RKVERSIBTMTY  OF  FATIGUE 

It  is  possible  to  restore  the  original  hysteresis 
loop  of  a  fatigued  film.  This  can  be  done  in  more 
than  one  way.  For  example,  Scott  et  al.  [15]  showed 
that  the  original  loops  of  fatigued  films  can  be 
restored  by  applying  a  voltage  much  larger  than  the 
fatigue  voltage  for  a  period  of  30  psec.  'fhis  worked 
for  .sol-gel  films  only.  Ramesh  et  al.  [9]  were  able  to 
restore  the  original  loop  of  fatigued  films  by  applying 
a  voltage  of  the  same  magnitude  as  the  fatigue  voltage 
for  a  period  of  two  seconds  (This  was  simply  done  by 
acquiring  a  resistance  measurement  using  the  RT66A 
ferroelectric  tester).  They  reported  such  an  effect  on 
PZT  films  grown  by  laser  ablation  on  YBCO/LaA103 
substrates. 
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We  have  been  able  to  restore  the  loops  of  epitaxial 
films  after  they  were  fatigued  at  5  volts.  This 
required  the  applieation  of  S-U)  V  for  a  period  of  2 
seconds  (see  Fig.  7).  For  polyerystalline  films,  we 
were  unable  to  completely  restore  the  original  loop 
even  after  applying  up  to  15  V  for  2  seconds,  lliis 
again,  may  indicate  that  domain  wall  pinning  is  more 
pronounced  in  the  case  ol  polyerystalline  films  than 
in  epita.xial  ones. 


Fig.  7  Fatigue  reversibility  in  epitaxial  films 

Sl.MMARY 

Our  analysis  of  the  RuO:  electrode  has  shown  that  it 
has  the  potential  for  use  in  PZT  based  ferroelectric 
memories.  Films  grown  on  KuO;  display  better 
properties  in  comparison  with  tho.se  on  platinum  in 
terms  of  fatigue  and  polarization  values.  However, 
these  films  have  higher  leakage  currents.  Epitaxial 
films  show  supeiinr  properties  in  comparison  to 
polyerystalline  films.  In  particular,  they  show 
excellent  fatigue  and  retention  perfonnance  even  on 
Pt  electrodes  The  studv  on  fatigue  has  revealed  that 
more  than  one  failure  mechanism  may  be 
simultaneously  operating.  Loop  restoration  after 
fatigue  can  be  more  easily  achieved  in  epitaxial  films 
than  in  polyerystalline  ones. 
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CONTROL  OF  LEAD  CONTENT  IN  PLZT  THIN  RLMS  PRODUCED  USING 
CLUSTER  MAGNETRON  SPUTTERING 
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ABSIBACI 

The  deposition  of  PLZT  thin  films  by  cluster  magnetron 
techniques  is  described.  X-ray  photoelectron  spectroscopy 
has  been  used  to  determine  film  composition  ovei  a  range 
of  substrate  temperatures.  As-deposited  films  have  been 
studied  by  X-ray  diffraction  techniques  and  the  role  of  post 
deposition  annealing  has  been  assessed.  The  morphology 
and  growth  rates  have  been  determined. 


INTRODUCTION 

Thin  films  of  PLZT  have  been  studied  extensively  in  order 
to  exploit  their  ferroelectric  and  electro-optic  properties  [1,2]. 
Deposition  of  PLZT  (x/y/z),  where  x,  y  and  z  are  defined  [3] 
by: 

Pbi-x/lOoLax/ioo  (Zry/ioo  Tiz/lOOh-x/400  ^3 

is  achieved  in  this  study  using  r.f  cluster  magnetron 
sputtering.  This  technique  offers  advantages  over  other 
routes  in  terms  of  film  quality,  surface  morphology  and 
compositional  control.  In  common  with  other  methods, 
such  as  sol-gel  deposition  [4,5],  and  single  target  r.f. 
sputtering  [6,7,8]  control  of  lead  stoichiometry  is  a  key  issue 
and  using  a  cluster  magnetron  (Fig  1),  we  report 
incorporation  of  Pb  into  our  PLZT  films  up  to  and  in  excess 
of  the  chosen  stoichiometric  value.  This  allows  the 
exploration  of  two  step  deposition/anneal  processes,  where 
films  containing  an  excess  of  Pb  can  be  sputtered  at  room 
temperature  and  aimealed  into  the  perovskite  phase  [9] 


Fig.  1:  UHV  cluster  of  50mm  magnetron  sputter  sources 
with  shutters,  gas  rings  and  a  fast  atom  source 
(courtesy  of  Atom  Tech  Ltd). 


EXPERIMENTAL 

The  work  was  carried  out  in  a  UHV  system  with  50mm 
planar  magnetrons  (Fig  1).  The  sputtering  targets  used  in 
this  work  are  PLZT  (8/75/31.5)  ceramic  and  metallic  lead 
(99.9%  purity).  Polished  c-plane  sapphire  substrates,  25mm 
diameter,  were  positioned  at  110mm  from  the  targets.  A 
calibrated  substrate  heater  was  used  to  generate 

temperatures  of  up  to  640 “C.  Sputtering  was  carried  out  in 
mixtures  of  argon  and  oxygen,  whose  composition  was 
controlled  using  Brooks  5850R  series  mass  flow  controllers. 
The  effect  of  plasma  thermalisation  was  studied  by 
variation  in  deposition  pressure  over  the  range  1x10'^  to 
8Pa.  All  experiments  reported  in  this  work  were  carried  out 
at  2xlO‘lPa.  The  composition  of  the  films  was  determined 
after  deposition  by  X-ray  photoelectron  spectroscopy  (XPS). 
These  measurements  were  calibrated  using  a  PLZT  9/65/35 
optical  grade  ceramic  standard.  All  surfaces  were  etched  in 
Ar"*'  at  5000|iA,  2.5kV  for  30  mins  to  remove  surface 
contamination  before  analysis.  Studies  of  films  deposited 
in  situ  in  the  UHV  system  used  for  XPS  analysis  confirmed 
the  reliability  of  this  technique,  and  demonstrated  the 
absence  of  preferential  sputtering  effects.  One  particular 
advantage  of  using  this  technique  is  the  ability  to  determine 
reliably  the  oxygen  content  of  the  films.  The  crystal 
structure  was  determined  using  a  Siemens  D5000 
diffractometer,  using  Ni  filtered  CuKa  radiation. 

A  Wyko  TOPO  3  white  light  interferometer  was  used  to 
assess  the  effects  of  a  post-deposition  anneal  on  film 
morphology.  Growth  rate  data  has  also  been  determined 
using  this  technique  and  cross-referenced  with  a  Dektak 
2000  step  meter.  Annealing  experiments  were  carried  out 
using  a  fused  silica  resistive  heater  furnace  with  in  situ 
temperatures  monitored  by  a  Pt:Pt/Rh  thermocouple. 

RESULTS  AND  DISCUSSION 

The  effect  of  power  applied  to  the  secondary  lead  source  can 
be  seen  in  Fig  2.  The  Pb  content  value  required  for 
stoichiometric  9/65/35  PLZT  is  0.91  (for  oxygen  =3),  and  so 
an  excess  of  lead  can  clearly  be  incorporated  into  the  films, 
provided  that  5%  oxygen  is  added  to  the  sputtering  gas.  The 
importance  of  oxygen  in  controlling  the  incorporation  of 
lead  into  the  films  is  clearly  evident  from  Fig  3,  which  is 
consistent  with  other  work  in  this  field  [10].  This  is 
fundamental  to  the  achievement  of  the  correct 
stoichiometry  of  films  at  growth  temperatures  in  excess  of 
600"C  (Fig  4).  However,  both  the  input  of  oxygen  during 
deposition,  and  the  application  of  power  to  the  secondary 
lead  target  have  the  effect  of  reducing  the  growth  rate. 
Films  deposited  at  room  temperature  are  amorphous.  At 
intermediate  temperatures  (<500°C),  mixed  phase  deposits 
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Fig.  2:  Variation  of  Pb  content  (normalised  to  oxygen  =  3) 
with  RF  power  applied  to  Pb  source  for  films  grown 
with  and  M'ithout  oxygen,  substrate  temperature 
540  °C.  This  emphasises  the  role  of  oxygen  in 
controlling  the  Pb  content  of  PLZT  films. 


Fig.  4:  Variation  of  Pb  content  with  RF  power  applied  to 
Pb  source  for  films  grown  at  two  different 
temperatures.  This  shows  the  steep  variation  in  Pb 
content  with  change  in  deposition  temperature 


%  oxygen 


Fig.  3:  Variation  of  Pb  content  (normalised  to  oxygen  =  3) 
with  oxygen  level  for  a  fixed  power  level  to  the  Pb 
source  of  lOW  and  substrate  temperature  540‘’C. 


are  obtained,  but  even  at  the  highest  temperatures 
examined  it  has  been  difficult  to  produce  100%  phase  pure 
perovskite  material.  Films  of  highly  oriented  pyrochlore 
(Fig  5)  are  readily  obtained  at  temperatures  between  500  and 

640 ‘C. 

The  ability  to  deposit  films  containing  excess  Pb  allows  the 
exploration  of  2-step  annealing  for  the  production  of 
perovskite  films.  This  process  uses  a  room  temperature 
grc  Ih  tnge  <^ollowed  by  post  deposition  anneal.  Films 
deposited  at  room  temperature  can  have  lead  contents  in 
excess  of  200%  of  the  required  value,  and  in  common  with 
the  higher  temperature  deposition  excess  lead  films,  they 
are  black  in  colour.  Subsequent  annealing  at  600 'C  for  2 
hours  in  air  produced  single  phase  110  perovskite  films  (ao 
=  4.153A).  The  films  then  have  an  optical  transmission 
close  to  the  Fresnel  limit  of  75%  ai  632.3niTi. 

Studies  of  surface  morphology  using  white  light 
interferometry  have  highlighted  an  increase  in  surface 
morphology  produced  as  a  result  of  the  anneal  process. 
This  is  related  to  the  exact  amount  of  lead  present  in  the  as- 
deposited  films,  and  in  the  worst  cases  can  be  in  excess  of 
5nm,  with  pinholes  2-3pm  in  diameter.  These  are  clearly 
the  result  of  grain  growth  phenomena  and  the  ensuing 
crystallisation  of  the  film. 
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Fig.  5:  X-ray  diffraction  spectrum  of  a  thin  film  of  PLZT 
grown  at  560 °C,  showing  the  high  level  of  preferred 
orientation  found  in  pyrochlore  films. 


SUMMARY 

Cluster  magnetron  techniques  have  proved  to  be  a  very 
effective  method  for  controlling  the  incorporation  of  lead 
in  PLZT  thin  films.  As-deposited  films  can  be  either 
amorphous  or  pyrochlore  phase.  Subsequent  annealing  of 
films  can  produce  single  phase  perovskite  layers. 
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Abstract 

The  dielectric  properties  ot  iirodilied  BaTiO^  are  highly 
dependent  upon  doitant  type,  concentration  and  heat 
treatment.  Suhstitution  ot  isovalent  dopants,  such  as  Zr^', 
can  result  in  signilicant  changes  in  grain  morphology,  such  as 
the  develo(mient  ot  core-shell  grains.  In  these  rnoditied 
B-iliO^  ceramics  enhanced  dielectric  and  mechanical 
properties  can  result  from  the  \olunie  concentration  ot  these 
core-shell  structures.  In  this  insestigation.  characteri/ation  ot 
the  core-shell  grains  and  lattice  structure  in  Zr  modified 
BalK);  ssas  carried  out.  Ihrough  IBM,  (  BI.D  and  LDS 
technii|ties.  the  shells  veere  identified  as  diffuse  regions  of 
pscudocuhic  structure  surrounding  a  tetragonal  BaliO^  core, 
riiis  coiulition  leails  to  the  des elopmeiit  ot  internal  stresses, 
sshich  significtiiiilv  modits  the  iliclectric  properties. 

Introduction 

In  HaTiO',,  the  ferroelectric  phase  transition  near  1^. 
(Curie  temperature)  is  associaterl  uith  the  dcselopment  ot  a 
complex  stress  state,  a.'  expansion  m  the  c-directioiis  becomes 
coiistraineil.  I.a'-ge  crystals  adjust  by  formation  of  Oil' 
tioinains.  so  as  to  losser  the  residual  internal  stress  state.  In 
smaller  grains,  the  uiireliesei.1  stresses  leads  to  a  decrease  in 
the  concentration  of  hO  domains.  It  has  been  slunwi  that  this 
increase  m  stress  level  leads  also  to  an  increase  in  the 
permittic ity  1 1  ]. 

Ba'I  iOrCan  be  doped  '.silli  isovalent  ions,  such  ;is  Zr"*  ’ , 
in  sriKill  concentrations  to  modify  its  dielectric  behav  ior  and  to 
control  dcnsificatioti  and  grain  si/c  12-.^|.  These  doiiaiits  have 
the  effect  of  shifting  the  transition  tetiijieratures  and  of 
broadening  or  etiluincitig  the  magnitude  of  the  permittivity 
peak,  Zr(.)s  acts  as  a  grain  growth  inhibitor  vlue  to  incomplete 
solid  solution  at  temperatures  where  the  tidditive  resides 
primarily  at  the  grain  boundaries  [('-SI.  Broadctiing  of  the 
permittivitv  peak  with  tenijieraturc  due  to  Zr  additiotis  has 
been  attributetl  variously  to  local  variation  in  composition,  to 
biphasic  grains  and  to  structural  changes  in  the  unit  cell  which 
result  in  high  internal  stresses  ami  a  distribution  ot  Curie 
temperatures  [4,9.11)),  The  microstructural  refinement  and 
dielectric  behavior  changes  which  are  a  result  of  the  doping 
tire  highly  dependent  upon  he;il  treatment  and  dopant 
concentration.  Several  investigators  [2.1?]  have  shown  that  Zr 
mlditions  decreased  the  a,xial  rtitio,  resulting  in  a  pseudocubic 
structure.  Under  controlled  processing  eonditions.  a  complex 
stress  state  was  found  to  exist,  the  result  core-shell  grains 
being  developed  [.?,10|. 

As  in  most  ferroelectric  materials,  device  properties 
depend  upon  grain  morphology  as  well  as  defeet  and  grain 
boundtiry  states.  These  eharacteristics  in  doped  BaTiO^ 
ceramics  are  dependent  upon  developed  mierostruetures  as 
well  as  on  the  domain  ;ind  lattice  structures,  which  are  a  result 
of  processing  parameters.  In  this  investigation,  the  objectives 
were  to  study  the  effects  of  grain  morphology  and  grain 
domain  structure  on  internal  stress  and  dieleetric  properties  in 
Zr4*  modified  Ba  l  iC);. 


E.xperiiiu  ntal 

Samples  were  prcp.ired  by  ball-mi'liiig  high  purity 
Ba'IiO)'  (Ba/'l'i  =  l).99'’)  for  12h  with  and  without  2  wt 
uiivtalvilized  ZrO."  [towvlcr  using  Zrt).  balls.  Ibis  amount  of 
ZrOs  was  determined  to  be  the  lowest  concentr.iiion 
neccssarv-  to  acliieve  a  umform  tme  gramed  mieiostruciuie 
[  1()|.  Milling  w  as  carried  out  in  a  l.'''l  solLition  ot  is,)g.ro[)vl 
alcohol  ;  ileioni/cd  wale:  with  1  wi  Menh.ulen  ti'h  oil 
ailded  as  a  dispersant.  binder,' lubricant  solution  composed 
of  I’V'.A  (5  solution)  and  Carbowax  4(ltl(l,  1  wt'  <  each,  was 
added  and  the  slurry  ntilled  an  additional  1.5  h  Zr(). 
Contamination  due  to  ball  milling  was  less  th.m  il.  1  wt  '  <  jic-r 
I5ll-g  l>atch.  rile  dispersed  slurrv  was  sjii.iv -dried  ami  the 
powder  uniaxially  pressed  into  thscs  anti  smiert  ti  m  air  m  the 
range  l.'OO  -1.520  ('/2h  and  fLirn.ice  cooled. 

Capacitance  anil  tan  o  measurements  were  matle  using 
an  automatic  c;i[>aciiance  bridge  at  1  .md  10  kll/  upon  heating 
from  -50'  to  Cl)  ('.  Measurements  of  ih.e  aging  rale  weie 
Carried  out  at  25  ,  50  and  ‘hi  C  for  tipto  2o0  h  on  s.impie- 
that  liad  been  thermally  de-aged  at  150  C  for  15  min.  hhe 
apptirent  internal  stress  was  determined  using  the 
mivroindentation  technit|ue  described  by  Okasaki  [llj.  I  rom 
the  indentation  analysis  the  frticture  toughness  wa' 
determined  for  applied  loads  in  the  range  0.1  to  0.5  kg  using  a 
loading  time  of  90  s.  I'lie  measurements  were  carried  out  ;is  a 
function  of  time  (1.  10,  100  h).  The  indentation  si/e  and 
Vickers  indemtiiion  crack  length  were  measured  immediately 
after  loading.  The  apptirent  stress  was  determined  from  the 
slope  of  a  plot  of  the  fracture  toughness  versus  the  square  root 
of  the  crack  length,  .Ail  microscopic  examinations  and 
selected  area  diffraction  timilyses  were  conducted  on  a  Philips 
n.M  420  TL,M,  operated  ;il  120  keV,  The  convergent  beam 
electron  diffraction  studies  were  ctirried  ■.lul  with  an  operating 
Voltage  of  SO  keV. 

Results  tintl  Discussion 

The  effects  of  ZrO;  additions  to  BaTiO,  are  compared 
in  the  SFiM  microgrtiphs  of  l  igure  1  for  samples  sintered  at 
l.520‘’C.  A  dense  microsiructiire  of  essentially  large  grains 
was  found  for  the  unmoilified  Ba'l  iO',  (no  ZrO;  additions)  as 
shown  in  l•/g,  l.A,  With  2.0  w/o  ZrO;  aildilion  (1  ig.  IH).  a 
microstructure  consisting  entirely  of  uniform  simdl  grains 
(average  grain  size  ~0,S  ^un)  was  obtained.  The 
microstructure  shown  in  Fig.  IB  is  comprised  of  tipproximatcly 
50  vol.f-i-  core-shell  grains,  with  lesser  timounts  being  present 
at  slightly  lower  temperatures.  The  core-shell  grains  are 
characterized  by  a  center  of  pure  BaTKDi  surrounded  by  a 
diffused  shell  of  grain  boundary  modified  materitil.  as 
depicted  in  P'igures  1C  and  11).  which  shows  trtmsmission 
electron  microscope  (TTM)  microstructural  imtigcs  of  the 
core  shell  structures.  .As  inilicated.  there  is  ;i  discontinuity 
between  the  domtiins  in  the  centrtil  core  and  the  surrounding 
shell  which  is  free  of  domtiins.  The  x-ray  intensity  distribution, 
derived  frt'm  energy  dispersive  x-ray  spectroscopy  (Ul)S)  data, 
given  in  Figure  2,  show  the  relative  concentration  of  Zr  to 
decrease  as  the  core  is  approached  w  ith  no  Zr  being  present  in 
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the  core  region.  I'roni  selecled  area  diffraction  (SAD)  and 
convergent  beam  electron  diffraction  (CBliD)  analysis  of  the 
high-order  Lane  zone  (HOLZ)  lines  in  the  [4'’!]  beam 
direction,  the  shell  was  found  to  be  tetragonal,  but  highly 
strained  and  with  expanded  lattice  parameters,  giving  a  higher 
unit  cell  volume  as  indicated  in  Table  1.  The  volume 
expansion  mismatch  between  the  two  regions  (shell  and  core) 
vas  determined  to  be  -4.4%.  This  places  the  core  in 
compression,  directed  mainly  along  the  c-a\is,  as  evidenced  by 
the  overall  pseudocubic  structure  which  is  developed. 


Fig.  1  SEM  images  show  ing  effect  of  added  Zr02  (B)  to 
BaTi03  (A).  TEM  images  (C,  D)  of  core-shell  grains  in 
BaTi03  modified  with  2.0  wt%  Zr02.  Sintered  at  1320°C/2h. 
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Fig.  2  X-ray  intensity  ratio  showing  distribution  across  typical 
core-shell  grain. 


The  apparent  internal  stress  level  was  determined  by 
use  of  the  microindentation  technique  described  by  Okazaki 
[11].  Data  on  the  internal  stress  states,  as  a  function  of  static 
aging  by  heat  treatment  (at  25°,  .50°and  90°C  under  a 
con.stant  applied  field  of  0.1  V  rms)  and  as  a  function  of  grain 
size  (sintering  temperature),  are  given  in  Table  2. 
Accompanying  the  decrease  in  grain  size  is  a  decrease  in  the 
concentration  of  90°  domains,  and  a  pseudocubic  modification 
of  the  tetragonal  structure,  as  indicated  by  the  lattice 
parameter  data  in  T  ible  1.  From  these  tables,  specimens  with 


core  shell  grains  show  much  higher  internal  stress  levels,  a 
decrease  in  c-latiice  parameter  and  a  corresponding  decrease 
in  c/a  ratio.  The  permittivity  response  of  the  BaTi03 
modified  with  2.0  wt  %  ZrO^  is  shown  in  Figure  3.  The 
measured  permittivity  is  seen  to  be  relatively  flat  with  respect 
to  temperature  and  shows  a  suppressed  ferroelectric  transition 

Tabic  1 


Lattice  Parameters  of  ZrOz  Doped  Uu'l'iOj,  Coic 
Region,  Shell  and  Unmodified  BaTi03 

Vol.  Volume 


Sample 

T(nm) 

c(nm) 

c/a 

(nm3) 

^Sirain 

Corv 

.4000 

.4026 

1.007 

.0644 

4.89 

Shell 

.4050 

.4117 

1.017 

.0675 

BaTi03  -(• 

.4004 

.4027 

1.006 

.0645 

0.23 

2  vvf%  Zr02 

BaTi03 

.3994 

.4038 

1.011 

.0644 

The  overall  effect  of  the  Zr02  additions  to  BaTi03, 
therefore,  is  formalitm  of  a  diffused  boundary  phase  and  a 
distribution  of  Curie  points  related  to  the  diffuse  phase 
transition,  where  a  Curie  region  rather  than  a  Curie  point  is 
found.  TTese  changes  explain  the  flat  permittivity  response 
with  temperature. 

Table  2 

Intern^  stress  &s  a  function  of  aging  temperaaire,  time  and  grain  size  for 
BaTiOj  modiCed  v.-ith  2.0  wt%  unstabiliicd  zirconia. 


Average 
Grain  Size 


Sintering 

Tem^^ature 


'liine  A);ing Tenipciaiure  (‘C) 
(h)  25  50  90 


0.28 

1300 

036’ 

1310 

0.43* 

1320 

♦  Core-shell  grains  in  the  microsiructurc 


Internal  Stress  (MPa') 
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Fig.  3  Dielectric  response  for  BaTi03  and  BaTi03  modified 
writh  2.0  wt%  Zr02. 
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Several  models  have  been  proposed  to  describe  and 
predict  this  permittivity  response  [12-14].  A  model  developed 
from  this  research  relates  the  permittivity  (e)  to  internal  stress 
(a)  and  to  grain  size  (gs)  as  a  function  of  temperature.  Trends 
between  internal  stress,  grain  size  and  the  volume  fraction  of 
core  shell  grains  (vf)  were  developed  using  a  multivariable 
regression  analysis.  From  the  analysis,  an  expression  relating 
the  dependence  of  internal  stress  on  grain  size,  the  volume 
fraction  of  core  shell  grains  and  on  temperature  was 
developed.  The  resulting  equation  is  given  as: 

a  =  K|(l/gsi"  e.xpi^^^vfi  "P" 

Where  the  constants  (Kj  =  32.7;  n  =  1.07;  ki  =  1.83;  and  m 
=  -.02‘1)  were  ttbtained  from  plots  of  experimentally  measured 
internal  stre.ss  as  a  function  of  the  natural  log  of  the  inverse  of 
grain  size,  for  various  volume  fractions  of  core-shell  grains,  all 
as  a  function  of  temperature  (T  =  °C). 

TTie  relationship  between  permittivity,  internal  stress 
and  temperature  was  also  analyzed.  This  analysis  was  carried 
out  for  temperatures  less  than  T,..  The  Curie  temperature,  for 
a  2.0  wt  %  modified  samples  where  a  flattened  permittivity 
response  is  found,  was  taken  to  be  the  point  where  the 
permittivity  respon.se  begin  to  decrease.  The  data  used  for 
this  analysis  was  from  experimental  data  at  25°,  50°and  90°C 
and  from  calculated  internal  stresses.  The  relationship  is 
given  by  the  following  equation. 

£  =  K  a' 

Where:  K  is  686.1;  x  is  0.22;  and  y  is  0.12  are  empirically 
determined  constants.  For  a  BaTi03  sample,  using  average 
grain  size  of  0.43  nm  and  a  volume  fraction  of  core-shell 
grains  of  0.50,  Figure  4  shows  a  plot  of  actual  data  versus  a 
plot  of  generated  data  using  the  above  equations.  The  plot 
shows  that  the  flattened  permittivity  response,  due  to  Zr 
doping,  is  satisfactorily  explained  by  considering  the  stress 
dependence  upon  grain  size  and  volume  fraction  of  core-shell 
grain.s,  along  with  a  temperature  dependence. 


Fig.  4  Comparison  of  the  actual  permittivity  response  of 
BaTi03  modified  with  2.0  wt%  unstabilized  Zr02  with  a  curve 
of  generated  data  using  the  model  based  on  internal  stress. 


Conclusions 

Grain  morphology  and  developed  internal  stresses  in 
BaTiOj  based  high  dielectric  materials  have  been  shown  to  be 
a  dominant  factor  in  the  development  and  stability  of  those 
properties.  Core-shell  grains  were  formed  in  BaTiOj  with 
Zr02  doping,  upon  sintering  in  the  range  1300  -1320“C.  A 
diffused  boundary  phase  led  to  high  internal  stresses, 
suppression  of  T^,  a  distribution  of  Curie  points  and  a 
flattened  permittivity  peak.  'File  internal  stress  was  found  to 
be  an  accurate  basis  for  estimating  the  permittivity  response  to 
temperature.  The  stability  of  these  highly  stressed  samples 
was  also  found  to  be  improved  as  the  concentration  of  ct)re- 
shell  grains  increased.  Under  controlled  processing 
parameters,  therefore,  significantly  enhanced  dielectric 
properties  can  be  achieved. 
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Abstravi 

Dielectric  measurements  have  been  performed  on 
Pb(MgQ  3i7Nbo.633Tio.05)03  ceramics  in  the  frequency 
and  temperature  ranges  lO^TO^  Hz  and  110  -  400  K 
resf)ectively.  A  dielectric  relaxation  of  Cole-Cole  type  has 
been  found  between  10^  and  10^  Hz  depending  on  the 
temperature.  This  relaxation  exists  not  only  in  the 
ferroelectric  phase  but  also  in  the  paraelectric  one.  A 
minimum  of  the  relaxation  frequency  occurs  at  temperature 
close  to  the  Curie  temperature  T^. 

1  -  INTRODUCTION 

The  lead  magnesium  niobate  (PMN)  is  a  well- 
known  example  of  relaxor  ferroelectric  :  a  strong 
permittivity  around  Tf„ax.  (267  K),  a  diffuse  phase 

transition  and  a  low  frequency  dispersion  of  (1).  In 
addition,  a  high  frequency  relaxation  which  appears  in  both 
ferro  and  paraelectric  phases  has  been  recently  shown  (2). 
On  another  way,  the  lead  titanate  PbTi03  presents  a  classic 
ferroelectric  phase  transition  with  a  high  value  of  T(;  (3). 
So,  the  interest  of  the  Pb(Mgj/3Nb2/3)03  -  PbTi03  solid 
solution  consists  in  a  very  high  dielectric  constant  and  in 
the  possibility  to  shift  the  apparent  Curie  Point  at 
temperature  close  to  room  temperature  (4).  Such  ceramics 
can  be  interesting  for  industrial  applications  i.e.  dielectric 
for  Z5U  standard  capacitors.  The  addition  of  PbTi03 

brings  about  an  increase  of  both  e^  and  Te^rnax.  and 
causes  a  diminution  of  the  diffuse  character  of  the 
transition.  As  an  example,  a  substitution  rate  of  PbTi03 
larger  than  30  %  leads  to  a  classic  "ferroelectric"  transition 
and  the  ordered  (1:1)  nanoregions  which  appear  below  Tq 
in  PMN,  seem  to  have  a  less  effect  (4). 

In  the  present  work  we  have  selected  the 
composition  corresponding  to  x  =  0.05  in  the 

(l-x)Pb(Mgi/3Nb2/3)03  -  xPbTi03  system  in  relation 
with  the  temperature  of  e^max.  dose  to  room  temperature. 
The  purpose  is  here  to  study  the  influence  of  the 
substitution  on  the  high  frequency  dielectric  relaxation. 
The  dielectric  properties  have  been  studied  in  the 
frequency  and  temperature  ranges  10®  to  10^  Hz  and  150 
to  450  K  respectively. 


11  -  PREPARATION  OF  THE  SAMPLES 

The  powder  has  been  prepared  by  the  columbite 
method  develoi)ed  by  Shrout  (5).  An  excess  of  magnesium 
oxide  has  been  used  in  the  MgNb205  preparation  to  avoid 
pyrochlore  phase.  Titane  is  added  in  form  of  Ti02  when 
columbite  and  PbO  are  mixed.  Small  pellets  are  made  by 
conventional  axial  pressure.  They  are  sintered  at  950°C  for 
4h.  in  a  lead  oxide  atmosphere.  The  compactness  of  the 
sample  is  greater  than  95  %. 

The  permittivity  e^  shows  a  maximum  of  about 
265(X)  at  292  K  for  a  frequency  of  1  kHz. 

Ill  -  EXPERIMENT 

Dielectric  measurements  are  performed  on  disk 
samples  (diameter  7  mm).  Gold  electrodes  are  previously 
dep>osited  on  ceramics  by  sputtering.  The  permittivities  Cj. 

and  Cj.  are  measured  at  high  frequency  from  10®  to  10^ 

Hz,  using  an  HP  8753  A  network  analyser.  The  broad 
band  analysis  of  a  coaxial  line  loaded  with  the  disk  sample 
and  backed  up  by  a  short  circuit  enables  us  to  calculate  the 
complex  permittivity  from  the  reflexion  coefficient. 

IV  -  RESULTS 

*  N 

The  temperature  dependences  of  e^  and  e^  at 

various  frequencies  are  shown  in  Fig.  1  and  2.  The  curves 
are  characteristic  of  a  typical  relaxor  behaviour : 

-  a  broad  temperature  region  of  the  permittivity 
peak  as  in  the  pure  PMN. 

-  when  the  frequency  increases  : 

the  temperature  of  e|.max.  shifts  towards  higher 
temperatures, 

n 

the  value  of  increases  until  a  frequency  close  to  2. 10° 
Hz  and  then  decreases. 

Such  evolutions  correspond  to  one  apparent  relaxation 
phenomena.  The  dielectric  response  versus  frequency  is 
represented  at  two  temperatures,  either  in  the  paraelectric 
region  (Fig. 3  and  4)  or  in  the  ferroelectric  one  (Fig. 5).  In 
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and  2x10®  Hz  (5). 


IW  300  no  300  no  400 

I  IKI 


Fig. 2  -  Thermal  dependence  of  e*f  at  different 
frequencies  :106  (1),  lO^  (2),  S.IO^  (3),  10®  (4) 
and  2x10®  Hz  (5). 


Fig.  3  -  Frequency  dependence  of  e\  and  e’j  at  340  K  (o, 
experimental  points  ;  —  theoretical  curve). 


Fig.5  -  Frequency  dependence  of  e\  and  e"r  at  260  K  (o, 
ex|)erimental  points  ;  _  theoretical  curve). 


«  « 

each  case  a  decrease  of  and  a  maximum  of  are 
observed.  However  it  appears  clearly  some  differences  : 


•T  >  T 


e^max. 


A  high  frequency  relaxation  appears  clearly.  The 

I  m 

inflexion  point  of  corresponds  to  the  maximum  of 
close  to  10®  Hz.  Argand  diagram  versus  is  drawn  in 
order  to  characterize  the  relaxation  or  the  frequency  range 
10^  -  10^  Hz.  The  obtained  curve  is  very  close  to  a 

circular  arc  in  agreement  with  a  Cole^Cole  model.  The 

* 

complex  permittivity  is  expressed  by  the  formula  : 


^  ®r  ■  *  ®r  =  ®oo  +  (^s  ■ 


1-a 


t 

Cj  is  the  static  permittivity  at  low  frequency  (f  <  <  ff), 

I 

the  value  at  f>  >ff  and  fj  the  relaxation  flequency. 
The  figure  4  shows  the  good  agreement  between 
experimental  points  and  theoretical  curve. 
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The  high  frequency  relaxation  is  still  present  but  the 
continuous  decrease  of  and  the  broader  maximum  of 
suggest  the  existence  of  a  low  frequency  relaxation  in  the 
ferroelectric  phase.  This  low  frequency  relaxation  was 
previously  described  in  relaxor  ferroelectric  (1).  For 
higher  temperatures  (  T  >  T^'  )•  the  value  of  is 

close  to  zero  for  f <  10^  Hz  implying  no  dispersion  in  the 
low  frequency  range. 

I  M 

The  three  dimensional  curves,  and  e^  versus 
temperature  and  frequency  (Fig. 6  and  7),  give  a  good 
representation  of  the  dielectric  response  in  all  the 
temperature  range.  The  high  frequency  relaxation  occurs 
not  only  in  the  ferroelectric  region  but  also  in  the 
paraelectric  one. 

The  temperature  dependence  of  the  relaxation 
frequency  f^  is  shown  in  Fig. 8.  The  temperature  of  the 
minimum  of  fj  is  close  to  T^'  (at  low  frequency).  A 
strong  decrease  of  a,  the  relaxation  time  distribution,  is 
observed  on  heating  at  T^'  (Fig. 9).  The  values  of  a 


Fig. 6  -  cmperature  and  frequency  dependences  of 

below  T  '  reach  about  0.55.  Such  a  value 
£  • 

corresponds  to  a  large  relaxation  time  distribution  and 
confirms  the  increase  of  the  absorption  width  when  the 
temperature  decreases.  On  the  contrary,  a  is  small  in  the 
paraelectric  region.  This  is  in  agreement  with  a  Cole-Cole 
arc  close  to  a  Debye  semi-circle  obtained  in  this 
temperature  range  O' >  T^' )  The  fall  of  o  near 

max  **  characteristic  of  a  dielectric  behaviour 
change  from  the  ferro  to  paraelectric  region. 


Fig. 7  -  Temperature  and  frequency  dependences  of  e\ 


Fig. 8  -  ff  vs.  temperature. 
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Fig, 9  -  a  vs.  temperature. 
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IV-  CONCLUSION 


This  work  allowed  us  to  display  a  new  high 
frequency  relaxation  in  a  ceramic  with  composition 
corresponding  to  x  =  0.05  in  the  (l-x)Pb(Mgi/3Nb2/3)03 
-  xPbTi03  system.  The  origin  of  the  relaxation  has  been 
discussed  in  the  case  of  lead  magnesium  niobate  ceramics 
in  which  a  similar  relaxation  was  found  (2).  Fig.  10  shows 


the  temperature  dependence  of  ff  for  these  two  systems.  As 
for  versus  temperature  variation,  the  curve 

corresponding  to  the  pure  PMN  is  more  flat.  This  result 
can  be  related  to  the  more  diffuse  phase  transition  for 
PMN.  Indeed,  the  addition  of  PbTi03  seems  to  increase 
the  pure  "ferroelectric’  behaviour  of  the  transition  (4). 
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Abstract 


BaTi03  was  doped  with  BaLiF3  to  form  solid 
solution  of  Ba(Tii.xLix)(03.3xF3x)  composition.  Special 
care  has  to  be  taken  to  prevent  hydrolyse  during  firing. 
Curie  temperature  of  solid  solution  is  decreasing  from  393 
(BaTi03),  to  300  and  to  225  K  for  compositions  x  =  0, 
X  =  0.025  and  x  =  0.10  respectively.  Temperature 
dependences  of  dielectric  constant  under  various 
frequencies  are  presented.  The  three  successive  phase 
transitions  of  pure  barium  titanate  are  still  preserved  for 
lightly  doped  materials,  while  for  heavily  doped  materials 
only  one  phase  transition  can  be  observed  in  the  same 
temperature  range.  Temperature  dependences  of 
spontaneous  polarization  and  coercive  field  taking  from 
ultra  low  frequency  measurements  of  hysteresis  loops  of 
the  materials  are  presented. 

I  -  INTRODUCTION 

The  oxyfluoride  ceramics  derived  from  BaTi03 

with  composition  Ba(Tii.xLix)(03.3xF3x)  (0<  x  £  0.10) 

are  attractive  type  II  dielectrics  for  capacitor  due  to  ; 

'  a  lower  sintering  temperature  (1250°C  for  2h) 
compared  to  that  of  BaTi03  (1450'’C  for  4h), 

'  a  decrease  of  the  ferroelectric  Curie  temperature 
from  395  K  (BaTi03)  to  225  K  (x  =  0.10)  leading  to  a 
high  value  of  the  real  part  of  the  permittivity,  e^,  close  to 

room  temperature  for  the  composition  corresponding  to 
X  =  0.025. 

If  the  dielectric  and  ferroelectric  behaviours  of 
BaTi03  have  been  widely  studied,  it  can  be  interesting  to 
study  that  of  the  oxyfluoride  ceramics  of  the  BaTi03- 
BaLiF3  system.  The  aim  is  to  understand  the  influence  of 
the  fluorine-oxygen  substitution  on  the  ferroelectric 
properties. 

II  -  EXPERIMENTAL 

II-l-  Preparation 

BaLiF3  is  prepared  from  the  fluorides  BaF2  and 
LiF  which  are  mixed  and  ground  in  a  dry  box.  The 
obtained  powder  is  calcinated  at  fiSO'C  for  15h  in  a  gold 
tube  sealed  under  dry  nitrogen  to  avoid  hydrolysis.  Final 
compositions  are  prepared  from  BaTi03  and  BaLiF3. 


Selected  oxyfluoride  compositions  x=  0.025  and  x  =  0.10 
are  sintered  at  1300  and  1200°C  respectively  for  2h  in 
platinum  sealed  tubes  under  dry  oxygen.  Ceramics  of 
BaTi03  are  obtained  at  1450°C  for  4h  under  oxygen 
atmosphere. 

11-2-  Measurements 

Gold  electrodes  are  deposited  on  both  circular  faces 
of  the  ceramics  by  cathodic  sputtering.  Frequency 
measurements  between  10^  to  3x10^  Hz  are  performed 
from  150  to  450  K  using  a  Wayne-Kerr  component 
analyzer  6425.  Bias  measurements  of  the  capacitance  are 
earned  out  with  a  Wayne-Kerr  capacitance  bridge  B  605. 
Electric  field  is  applied  using  a  dc  generator.  Hysteresis 
loops  are  obtained  at  3x10-2  under  bias  of  800  V 

from  both  a  "Polarsine"  and  a  Keithley  electrometer  using 
the  Sawyer-Tower  method  (1).  They  allow  us  to  determine 
the  spontaneous  polarization  P^  and  the  coercive  field  E(. 
on  cooling  in  the  temperature  range  320-150  K. 

Ill  -  RESULTS 

The  temperature  dependence  of  e^  at  IkHz  is 

shown  in  Fig.l,  2  and  3  for  three  ceramics  with 
composition  corresponding  to  x  =  0,  x  =  0.025  and 
X  =  0. 10.  For  the  two  first  ceramics,  the  three  phase 
transitions  (rhomb.  -*  orth.  -»  tetr.  cub.)  appear  clearly. 
Only  one  relatively  broad  peak  corresponding  to  the 
rhomb. -cub.  transition  subsists  for  x  =  0.10.  The  decrease 
of  the  Curie  temperature  T^  when  the  substitution  rate 
increases  (Fig.  1  to  3),  is  related  to  the  covalency  decrease 
of  the  M-X  bonds  (M  =  Ti,  Li;  X  =  O,  F)  when  x 
increases. 

The  room  temperature  variations  of  e^  versus  the 
electric  field  E  are  given,  for  several  frequencies,  in  Fig. 4, 
for  ceramics  with  x  =  0.025  and  0.10.  The  dielectric 
response  under  bias  varies  according  to  the  x  values  : 

-  concerning  x  =  0.025  for  which  Tc  300  K, 
there  is  a  relatively  strong  decrease  of  e^  with  increasing 

E,  as  in  BaTi03  (2).  In  addition  there  is  a  frequency 
dispersion, 
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Fig.  1  -  Temperature  dependence  of  Cj.  for  a  ceramic  with 
composition  corresponding  to  x  =  0  at  1  kHz. 
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Fig. 2  -  Temperature  dependence  of  for  a  ceramic  with 

composition  corresponding  to  x  =  0.025  at 
1  kHz. 


I  fK| 


I 

Fig. 3  -  Temperature  dependence  of  for  a  ceramic  with 
composition  corresponding  to  x  =  0.10  at  1  kHz. 
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Fig.4  -  Field  dependence  of  the  dielectric  constant  of 
ceramics  with  compositions  corresponding  to  x  = 
0.025  and  x  =  0. 10  at  room  temperature  and  at 
various  frequencies  ;  10^  (1),  10^  (2)  and 
10^  Hz  (3). 

-  for  a  higher  x  value  (x  =  0.10),  is  less 

dependent  on  the  bias  with,  nevertheless,  still  a  frequency 
dispersion. 

The  value  of  decreases  with  temperature  (Fig. 5). 

For  X  =  0.025,  there  are  two  change  slopes  close  to  Tq 
and  to  the  orth.-tetr.  transition  due  probably  to  the  loss  of 
ferroelectricity  and  to  the  reorientation  of  the  dipoles. 
Concerning  the  ceramic  with  x  =  0.10  composition,  the 
curve  is  very  flat  with  lower  values  of  Pj  in  relation  with 
the  more  diffuse  phase  transition  and  with  the  lower  values 

I 

of  Cj.  compared  to  that  of  x  -  0.025  composition  or 

BaTi03.  Moreover,  Pj  is  not  equal  to  zero  at  T^  and  even 
at  T  >  >  Tq  ,  for  the  two  oxyfluoride  ceramics.  This 
difference  with  regard  to  barium  titanate  may  be  correlated 
with  the  existence  of  polarization  residue  due  to  defects 
and  chemical  inhomogeneities  in  the  substituted  ceramics. 

Fig. 6  shows  the  temperature  dependence  of  the 
coercive  field.  For  the  ceramic  with  composition 
corresponding  to  x  =  0.025,  decreases  firstly  on 
heating.  It  then  increases  suddently  approaching 
Torth.-tetr.’  which  expresses  a  more  difficult  mobility  of 
domains,  and  finally  decreases  at  T^.  This  curve  with  a 
maximum  close  to  the  orth.-tetr.  transition  looks  like  the 
temperature  dependence  of  the  loss  tangent  in  BaTi03  (2). 

On  heating,  for  x  =  0.10,  decreases  strongly  and 
becomes  constant  close  to  zero  at  T^.  The  hysteresis  loop 
evolution  is  shown  in  the  figures  7  and  8  for  compositions 
corresponding  to  x  =  0.025  and  x  =  0.10  respectively. 

For  X  =  0.025  slim  loops  are  observed  above  Tc-  Close  to 
square  loops  with  relatively  higher  rectangularity  appear, 
as  in  BaTi03,  when  the  sample  cools  down  through  the 
ferroelectric-paraelectric  transition.  Approaching  the  tetr.- 
orth.  transition  temperature  the  loop  seems  to  blow  up 
leading  to  an  increase  of  E^.  as  was  described  before. 
Concerning  x  =  0.10,  even  down  to  220K,  hysteresis 
loops  are  very  slim  and  the  determination  of  both  E^;  and 
Pj  is  rather  critical.  Below  T(3  >  it  broadens  out  but  no 
rectangularity  appears. 
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Fig. 5  -  Spontaneous  polarization  as  function  of 
temperature  for  x  =  0.025  and  x  =  0. 10. 


Fig. 7  -  Hysteresis  loops  at  various  temperatures  for  x  = 
0.025. 
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Fig. 6  -  Coercive  field  versus  temperature  for  x  =  0.025 
and  X  =  0.10. 


Fig. 8  -  Hysteresis  loops  at  various  temperatures  for 

X  =  0.10. 


IV  -  CONCLUSION 

The  dielectric  and  ferroelectric  behaviours  of  the 
selected  oxyfluoride  ceramics  vary  according  to  the 
composition.  For  x  =  0.025,  the  dielectric  response  shows 
three  phase  transitions  as  in  BaTiO-?  but  the  value  of  is 
lower.  Several  analogies  with  the  barium  titanate  have 
been  pointed  out  in  particular  a  similar  temperature 
evolution  of  the  hysteresis  loop  on  cooling  (2).  On  the 
contrary  ,  for  x  =  0. 10,  there  is  only  one  phase  transition 
(rhomb. -cub.)  which  is  more  diffuse  than  the  ferroelectric 
-paraelectric  transition  of  other  ceramics.  This  change 
leads,  of  course,  to  a  different  ferroelectric  behaviour.  No 
anomaly  of  Pj  and  Ej.  occurs  as  at  the  orth.-tetr.  transition 
for  X  =  0.025  and  the  decrease  of  Pj  and  Eg  approaching 
Tc  is  here  much  more  spread. 


The  ferroelectric  Curie  temperature  is  correlated 
with  various  parameters  and  in  particular  with  chemical 
bonding.  An  increase  of  the  substitution  rate  x  in  the 
BaTi03-BaLiF3  system  leads  to  a  decrease  of  the  M-X 
bonds  covaJency  (M  =  Ti,  Li  ;  X  =  O,  F).  This 
influences  largely  the  ferroelectric  and  dielectric 
properties. 
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A  systematic  study  of  the  dielectric  relaxation 
phenomena  is  carried  out  for  ceramics  with  compositions 
(Bai.yPby)Ti03  (y  6  [0,  0.2Jderived  from  BaTi03  in  the 
frequency  and  temperature  ranges  lO^-IO^Hz  and  300-500 
K,  respectively.  A  dielectric  relaxation  appears  not  only  in 
the  ferroelectric  phase  but  also  in  the  paraelectric-one.  For 
each  composition  a  minimum  of  the  relaxation  frequency  fp 
occurs  at  T^;.  The  dipolar-type  relaxation  is  correlated  to 
coherent  displacements  of  the  Ti^"*"  ions  in  the  octahedron 
sites  ordered  either  along  chains  or  in  3D-lattice. 


I  -  INTRODUCTION 

The  present  work  concerns  the  dielectric 
dispersion  study  in  perovskite-type  ferroelectric  ceramics 
in  the  frequency  and  temperature  ranges  10^-10^  Hz  and 
300-500  K,  respectively.  The  ceramics  have  the 
composition  (Bai.yPby)Ti03  (OSySO.2).  The 
permittivity  frequency  dependence  is  performed,  in 
particular,  close  to  the  Curie  temperature  T^  both  in  the 
ferroelectric  and  paraelectric  phases.  The  aim  of  the 
present  paper  is  to  try  to  Till  the  gap  in  our  knowledge  of 
frequency  and  temperature  dependences  of  e'  and  e"  in 
solid  solution  derived  from  BaTi03. 

II  -  PREPARATION 

(Bai_yPby)Ti03  perovskite-type  ceramics  for 
y=0,  y=0.05,  y=0.10  and  y=  0.20  arc  sintered  under  a 
partial  PbO  pressure  at  1300°C  for  2  hours.  A  survey  of 
the  microstructure  of  the  ceramics  corresponding  to  y=0, 
y=0.10  and  y=0.20  shows  that  the  average  grain  size  is 
20^m  with  a  narrow  size  distribution.  The  compactness  of 
all  samples  is  always  higher  than  0.92.  Gold  electrodes  are 
previously  deposited  on  both  disk  faces  of  the  ceramic  by 
sputtering. 

in  -  EXPERIMENTAL 

Dielectric  measurements  are  firstly  performed  at 
low  frequency,  f=10^Hz,  on  disk  samples  in  the  range 
150-550  K.  The  thermal  dependence  of  the  permittivity  e’ 
shows  a  peak  both  at  T(3  and  at  the  orthorhombic- 
tetragonal  transition  temperature.  The  phase  transition 


temperatures  obtained  are  in  good  agreement  with  previous 
works  (1).  However  no  dielectric  dispersion  appears  in  the 
frequency  range  20  to  lO^Hz. 

The  permittivities  c'  and  e"  are  then  measured  at 
high  frequencies  from  10^  to  lO^Hz  using  a  network 
analyser  HP  8753  A,  and  at  various  temperature  in  the 
range  300-500  K.  The  figure  1  shows  the  room 
temperature  frequency  dependences  of  e'  and  £’  :  typical 
relaxation  curves  appear  for  each  ceramic.  Such  results  are 
in  agreement  with  previous  works  :  high  frequency 
dielectric  dispersions  have  been  already  reported  in  solid 
solutions  derived  from  BaTi03  and  with  composi¬ 
tions  Ba(Tii.xBx)03  (B=Zr,H0  or  (Bai.yAy)Ti03 
(A=Ca,Sr)  (2,3,4).  The  shape  of  the  diagrams  e*  -  e'  was 
found  to  be  close  to  circular  arcs  :  there  is  a  good 
agreement  between  experimental  points  and  theoretical 
curve.  The  complex  permittivity  e*  is  thus  expressed  by  : 

e*  =el„  +  (cj  -  ««) '  (1  +  (if !  fr  )'■“ )  (5) 

(f  is  the  frequency,  ff  the  relaxation  frequency,  the 

t 

permittivity  at  f  <  <  f^,  the' permittivity  at  f  >  >  ff, 

a  the  parameter  related  to  the  relaxation  time  distribution). 
The  analysis  of  the  experimental  data  concerning  the 
relaxation  frequency  f,^  shows  that  the  Pb-Ba  substitution 
increases  strongly  the  value  of  from  5.10®Hz  to  values 
higher  than  lO^Hz.  For  y  a  0. 1  it  is  impossible  to 
determine  the  value  at  rtom  temperature  due  to  our 
experimental  limitation  at  lO^Hz. 

The  figure  2  illustrates  the  variation  of  fj  versus 
temperature  for  y  =  0  and  y  =  0.05.  It  is  interesting  to 
remark  that  the  dielectric  dispersion  occurs  not  only  in  the 
ferroelectric  region  but  also  in  the  paraelectric-one  at  least 
up  to  Tq  +  70°C;  such  a  result  has  been  previously 
announced  for  BaTi03  single  crystals  and  ceramics  (6)  ; 
for  each  composition  a  minimum  of  ff  appears  close  to  the 
transition  temperature  T^;.  As  the  substitution  rale  y 
increases  the  values  of  Tq,  the  temperature  corresponding 
to  the  minimum  of  ff  is  shifted  toward  higher 
temperatures. 

The  temperature  dependence  of  the  dispersion  step 

t  <  f 

Ae'  =  Cj  -  as  well  as  that  of  and  ff  are  reported 

on  the  figure  3  for  the  composition  Bag  95Pbo.05Ti03. 
The  value  of  As'  is  calculated  from  the  values  of 

I  t 

and  e^  determined  using  the  Argand  diagram  by 
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Fig. 3  -  Thermal  dependences  of  fj,  Ae'  and  for  the  composition  BaQ  QsPbo  05^103. 
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This  paper  descri’oles  a  low  firing  (the  firing  tempera¬ 
ture  is  lower  than  900  C  )  multilayer  ceramic  capacitor, 
which  meets  the  lEC  temperature  characteristic  code  2E4. 
The  composition  of  the  materials  is  based  on  the  system  Pb 
(Mg:  jNb,  XOj  Pb(Zn,  ,Nb,  UUi  PbTiOj. 

A  two  step  calcination  process  was  developed  to  re¬ 
strain  the  formation  of  the  pyrechlore  phase  during  the  syn¬ 
thesis  of  PMN  ceramic  powder.  The  dielectric  properties  of 
the  MIX'  material  were;  e=14500.  tgS  —  0.  4  X  10' ^ ,p=  6.  5 
X  10‘-'n.  cm.  t,s=0C  .AC/C(  ■25~85CX  50%.Ei,pv  = 

6kv/mm. 

The  binder  CK  90  and  the  electrode  materials  YS  -  4. 
YC-  4  were  researched  also.  As  a  result,  a  compatible  sys¬ 
tem  of  three  relative  materials,  i.  e.  .  PMN  ceramic  powder. 
CK  90  binder  and  YS-  4.  YC-  4  electrode  materials,  as 
well  as  a  relative  technological  process  were  obtained.  The 
product  MIX'  have  met  the  lEC  standard  and  reached  the 
five  level  reliability. 


Introduction 


Along  with  the  development  of  the  large  scale  integra¬ 
tion  circuits  and  the  surface  mounting  technologies  the  re- 
qirements  of  multilayer  ceramic  capacitors  (MLC)  are  in¬ 
creasing  day  by  day.  There  are  three  categories  of  MLC. 
high  firing  MLC  O1140C).  middle  -  firing  MLC  (1000 
~-1140  C  )  and  low  -  firing  MLC  (<1000  C )  •  which  are  di¬ 
vided  by  medium  ceramic  materials  and  the  sintering  tem¬ 
peratures  suitable  to  the  electrode  materials. 

This  paper  present  a  material  system  for  MLC  with  2E4 
characteristics.  The  ceramic  powder  is  PM.N  relaxor  ferro¬ 
electric  material  with  low  — firing,  the  casting  -  film  binder 
is  a  kind  of  ethylene  resin  and  the  electrode  material  is  com¬ 
plete  silver.  The  three  materials  are  compatible  with  each 
other  quite  well,  and  the  main  manufacturing  process  is 
suitable  for  these  materials.  Finally,  the  product  MLC  have 
met  the  lEC  standard  and  reached  the  five  -  level  reliability. 

Ceramic  Powder  PMN 


Composition  of  the  powder.. 

0.  94Pb(.Mg,  ,Nb„)tL  0.  04PbTi(),  u.  UL’PbcZii:  Nb.  ,  ) 

()j  — 0.  Iwt ^MnOj  —  O.  OmolXMgO 

Physical  properties  of  the  powder 

.Average  partical  diameter;  1  —  0.  3pm 

Surface  area:  3.  3  m‘  g 

Sintering  temperature :  880— 900  C 

Electric  properties  of  the  powder 

Uielectric  constant:  13500—  15000 

IXelectric  loss:  <  L  0% 

Volume  resistivity :  >  10'‘n.cm 
Capacitance  variation  with  temp;<  -  50  X 
(adding  bias  SOOV'mni:  <r:30%  ) 

Aging  (  %  .^Decade ) :  5% 

Breakdown  voltage;  >5kV  mm 

The  key  to  make  PMN  ceramic  powder  is  to  restrain 
the  formation  of  the  (lyrochlore  phase  and  to  enhance  the  de¬ 
velopment  of  the  perovskite  main  phase.  So  a  two  step 
synthesis  technique  at  high  temperature  was  used.  Fist. 
MgNbjOe  and  ZnNbjOs  were  synthesized  by  MgO.  ZnO 
with  NbjOs.  and  then  individually  mixed  with  PbO  to  syn¬ 
thesize  PbfMgi.jN’bj  UOj  and  Pb(Zni  .iNb^  j)(),. 

Figure  1  shows  the  XRD  pattern  of  the  PMN  powders 
by  one  step  synthesis  and  two  steps  synthesis.  It  is  shown 
that  the  pyrochlore  content  is  about  20%  in  the  powder  by 
one  step  synthesis,  but  less  than  2%  by  two  steps. 


Figure  1.  The  XRD  pattern  of  the  PMN  powders 
The  pure  perovskite  phase  were  obtained  whether  the 
sintering  temperature  was  840  Cor  860  C  when  using  the 
process  of  two  oieps  synthesis.  (Figure  21 
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I'l^urt-  2.  1  !h-  \kl)  (Kittirn  o(  ihr  I’MN  powders 
siiiten  cl  at  81'' (.'and  8(iOC’ 

Fift'ire  '  shovves  the  IK'  liia.s  i  haraetcr  of  f'MN  ceramic 


-HO  -  If,  .  'T  II  :'0  40  00  80  :oo 

Temerature  (’C) 


Kivtiire  'i.  The  IX'  bias  character  of  f’MN  ceramic 

The  dielectric  hreakdowti  voltage  and  the  mechanical 
strength  of  the  I’.M.X  ceramic  will  he  l."i~-.a('/:j  higlier  by  air 
quonching  and  annealing  under  (troper  temperature  than  that 
hv  furtiace  cooling.  This  result  is  shown  in  table  I.  These 
v.dues  arc  comparable  to  that  of  Ha  I’iO.. 

I'ahle  1.  The  heat  treatment  conditions  for  improving 
the  dielectric  breakdown  anti  maclianical  strength  of  the 
PMN  ceramic 


E.(kv  mm  >  ft(kg  cm')  Heat  treatment  condition 


1.  ii8  1190  Furnace  C'ooling 


09  8  b'  .'\ir  Quenching 


9.  T2  K'TT  ;\ir  ipienching  ^.(\nnealing 


Casting  film  Hinder  CK  90 


The  bituler  CK  90  is  a  poly  composition  complex  of 


the  ethylene  category.  The  optimum  [iroportion  of  the  cast¬ 
ing  film  slurry  is  as  follows  -. 

CK  90  ;  PMN  powder ~  0.  7  —  0.  75  :  I  (wt.  I 
Physical  and  chemical  propierties  of  the  binder  CK  90 
.'\ppearance ;  transparent  liquid  with  the  color  of  light 
yellow. 

Intrinsic  content ;  8  1  4  . 

Beginning  decompose  temperature  ;  178  ;  1  (.' 

Hast  decompose  temiierature  ;  600^  1  C 
.'\verage  molecular  weight  of  the  resin-,  t).  5u  -  l'>' 
Distributed  coefficient  of  the  resin  m<.ilecular  weight; 
2.  939 

The  film  made  by  PMN  imwder  and  I  K  90  hinder  is 
fine  and  close  and  well  distributed  in  texture,  winch 
proves  that  the  PMN  [lowder  is  conipatihle  well  with  the  CK 
90  binder  (Figure  1) 


Figure  I.  SF7M  image  of  PMN  film 

Electrode  Materials  YS  4  .\ml  YC  4 


The  complete  silver  internal  electrode  material  \'S  1 

and  the  extreme  One  Yb’  4  were  researched  in  order  to 
make  the  electrodes  materials  compatible  with  casting  mate¬ 
rial  and  process. 

A  fine  silver  powder  which  had  the  flat  and  sphere 
shape  in  proper  proportion  was  used  to  obtain  the  fine  and 
clttse  conducting  layer,  and  an  acid  resisting  material  was 
selected  as  a  flux  to  compound  the  electroplate  resisting 
extreme  electrode  material  YC  t. 

The  thermal  analysis  pattern  of  the  electrode  materials 
carrier  was  basically  matcliable  with,  ’hat  of  CK  90  binder. 
It  meant  that  the  electrode  material  and  the  CK  90  hinder 
was  compatible. 
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I  ju-  propt-rlif«.  of  irotlt-  ni;tTe  riaU 


Silvi-r  ''G5 

S(|u.irt'  rt'sist.  ( niH  .  '  >  '  1^3 

Visi  o>itv  (  P:is  )  :  -30  -M) 

i’riimn^  i  hickiifS'^ 

h V  oiic  time  ( [ini ) :  8  1 -M) 

I)rv  >p<'ed  (after  3  tinn.  ); 

Stiek  >iren^th  (N  inm' )  -1.9 

Firing  .nul  permeating 

temt'erature  ((.’);  v-90oC‘  -^9000 

The  ceratuu:  film  did  mu  split  ai\d  Ije  permeated.  There 
were  I'lear  firintin^  lines  and  clear  boundaries  between  the 
electrodes  and  the  ceramic.  That  meant  the  PMN  powder 
and  the  binder  (.'K  90  and  the  ^'S  1  were  well  compati¬ 

ble.  ( Fif^ure  ■)  *  h ,  7  ) 

The  table  2  shows  tliat  the  scpiare  resistance  of  the  YC' 
I  extreme  electrode  silver  layer  do  not  change  before  and 
after  being  c'hemically  corroded. 


Figure  7.  MIX  extreme  sectional  |)arrern  M2’X' 

I  able  2.  The  change  of  the  'I’C  1  s'piare  reM>taiic< 
before  and  after  being  chemically  correded 


Square  Resist.  .Square  resist.  I'lianne  'if 

Before  C'orrosion  .^ftcr  corrosion  Scju, -ire  resist. 

(mfi/n)  (mn  [  ; )  (  .  J 


Figure  5.  The  casting  film  is  compatible 
with  YS  ■!  ( 1 5X ) 


Technological  Process  of  Low  firing  MI.C 


Qualified 

Film 


j  Electrode- 
Material 


Printing  and 
Folding  Film 


Hot  Cutting  into 
pressing  hloeks 


;  Rolling  and  printing  Kxtreme 

^  Rubbing  Electrode  Materi.-d 


sintering 


Figure  G.  iVil.C  sectional  pattern  (lOOX) 


Measuring  of  Electric  Properties 


The  parameters  of  the  MLC  technological  process  was  deter¬ 
mined  by  the  properties  of  the  MLC  relative  material  system.  The 
process  must  be  compatible  with  these  relative  materials. 

Electric  Properties  And  Reliability 

Table  3.  The  electric  properties  of  the  low  firing  MLC 


Rated 

Medium  Film  Medium 

si7e 

Capacit. 

Voltage 

Thickness  Layers 

63V 

<50um  8 

0805 

5uFi!8% 

Insulation 

Resist.  Breakdown  Voltage 

tg6 

>I000M<>  5;  200V 

<1.1X10-- 

Ninety  two  of  the  MLC  were  sampled  for  reliability  test  on 
the  condition  of  63V  and  85  C  for  lOOOh,  and  no  one  wes  failure 
during  periodic  test. 

The  MLC  was  qualified  according  to  lEC  standard  and  the  relia¬ 
bility  had  reached  the  five  level. 

Conclusion 

1 .  The  PMN  ceramic  powder  meets  lEC  temperature  characteristic 
code  2E4. 

2.  The  three  relative  material  system.  PMN  powder  and  CK  -90 
binder  and  complete  silver  electrode  materials  YS  1.  YC  I  art- 
well  compatible. 

3.  The  low  -  firing,  high  properties  MLC  is  qualified  according  to 
lEC  standard  and  the  reliability  has  reached  the  five  - level. 
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ABSTRACT 

A  new  technology  was  developed  to  fabricate  the  SrTiOa-based 
GBBL  capacitor  materials.  The  main  feature  of  the  technology  is 
one-step,  low-temperature  (1100  -  12(X)°C)  sintering  of  the 
material  in  a  reducing  atmosphere  with  doping  of  a  sintering  aid 
composed  of  LijO  and  SiO,.  The  main  dielectric  properties  of  the 
materials  obtained  by  this  technology  are:  effective  dielectric 
constant  e,,,  >  5x10^,  dielectric  loss  tanS<5.0%,  volume 
resistivity  p  >  lO’O  cm,  temperature  coefficient  of  10%  (-25  — 
-l-85°C).  The  effects  of  doping  composition,  sintering  temperature, 
atmosphere  and  Ti/Sr  ratio  on  the  sinterability  and  dielectric 
property  of  the  capacitor  materials  were  discussed.  The  mechanism 
of  the  sintering  aid  in  the  formation  of  semiconducting  grains  and 
insulating  grain  boundaries  were  discussed  from  the  results  of 
compositional  micro-analyses  and  microstructural  analyses. 

INTRODUCTION 

In  recent  years,  people  paid  more  and  more  attention  to  the  SrTiOj- 
based  ceramic  grain  boundary  barrier  layer  (GBBL)  capacitors  due 
to  their  high  dielectric  constant,  good  temperature  stability  and  high 
disfiersive  frequency.  However,  the  sintering  temperature  of 
SrTiOj-based  ceramic  GBBL  capacitors  were  as  high  as  above 
14()0°C,  which  gave  big  trouble  for  their  mass  production. 
Although  there  were  some  publications  on  the  low-tempierature 
sintering  of  SrTi03  GBBL  capacitors''-^',  it  was  not  satisfied  with 
their  microstructure  and  dielectric  property.  In  this  paper,  a  new 
technology  was  develojjed  to  fabricate  the  SrTiOj-based  GBBL 
capacitor  materials  with  effective  dielectric  constant  «trt>5xl()*. 
The  main  feature  of  the  technology  is  one-step,  low-temperature 
(li(X)  -  1200‘’C)  sintering  of  the  material  in  reducing  atmosphere 
with  doping  of  a  sintering  aid  compiosed  of  LijO  and  SiO^. 

EXPERIMENTS  AND  RESULTS 

Experiments  were  carried  out  on  the  effects  of  doping  composition, 
sintering  temperature,  atmosphere,  and  Ti/Sr  ratio  on  the 
sinterability  and  dielectric  property  of  the  SrTiOj-based  GBBL 
capacitor  materials.  Compositional  micro-analyses  and  micro- 
structural  analyses  were  also  carried  out  for  discussing  the 
mechanism  of  the  sintering  aid  in  the  process. 

1 .  Effect  of  doping  composition'-’' 

Using  SrTiOj  -t-  xmol%  NbjOj  as  base  composition,  the  batch 
material  was  synthesized  at  1150°C.  Then  the  sintering  aid 
composed  of  LijO  and  SiOj  was  added  to  the  synthesized  material, 
then  grounded  and  pressed  to  form  small  disks  and  finally  sintered 
in  Nj-I-Hj  atmosphere.  The  composition  of  the  samples  for  the 


experiments  were  listed  in  Table  1.  It  can  be  seen  from  the  Table 
that  there  are  two  groups  of  the  samples  with  different  amount  of 
dopants,  namely,  one  group  of  samples  with  definite  amount  of 
NbjOj  (0. 1  mol%  and  0.5  mol  respectively)  and  variable  amount  of 
LijO,  whereas  the  other  group  of  samples  with  definite  amount  of 
LijO  (1.0  mol%  and  5.0  moI%  respectively)  and  variable  amount 
of  NbjOj.  The  amount  of  SiOj  doping  for  all  samples  was  kept  the 
same.  The  dependence  of  dielectric  properties  on  the  variation  of 
LijO  or  NbjOs  content  are  shown  in  Fig.  1  and  Fig.  2  respectively. 

2.  Effect  of  sintering  temperature'’' 

Select  low  NbjOj  content  (Sample  .T)  and  high  NbjOj  content  (Sample 
7)  from  Table  1  to  carry  out  this  experiment.  The  sintering  temperature 
used  are  from  1100  to  1200‘'C.  Fig.  3  shows  the  dependence  of 
dielectric  property  on  sintering  temperatures.  Fig.  4(a)  and  (b)  are  the 
microstrucutures  of  Sample  3  sintered  at  1100  and  1200°C 
respectively. 

3.  Effect  of  atmosphere*^' 

Select  Sample  7  from  Table  1  for  this  experiment.  Three  different 
atmosphere,  namely  air,  Nj,  and  Nj  +  Hj  were  used  and  the  sintering 
temperature  was  kept  at  1 150°C  for  3  hours.  The  properties  of  Sample 
7  sintered  in  different  atmosphere  are  listed  in  Table  2.  Fig.  5  shows 
different  microstructurers  of  the  sample  sintered  in  various  atmosphere. 

4.  Effect  of  Ti/Sr  ratio'” 

Two  groups  of  samples  with  different  amount  of  NbjOj  doping,  0. 1 
mol%  (low  NbjOj  content  )  and  0.5  mol%  (high  NbjOj  content), 
respectively,  was  used  to  study  the  effect  of  Ti/Sr  ratio  on  their 
properties.  Definite  amount  of  sintering  aid  was  added  to  each 
sample.  Fig.  6  and  Fig.  7  show  respectively  the  dielectric  property 
dependence  on  Ti/Sr  variation  of  the  high  and  low  NbjOj  content 
samples  sintered  at  1 1(X)  and  1 175°C  for  3  hours. 

5.  Electron  diffraction  studies  of  GBBL  samples'”' 

In  order  to  locate  the  different  doping  ions,  selective  area  electron 
diffraction  of  the  grain  and  triple  grain  junctions  of  the  NbjOj  and 
sintering  aid  doped  SrTiOj  ceramics  was  studied.  The  samples  were 
sintered  at  1150°C  for  3  hours  in  Nj  -i-  Hj  atmosphere  and  finally 
either  naturally  cooled  in  Nj  (named  as  Gl)  or  quenched  in  air 
(named  as  G2).  Fig.  8  and  Fig.  9  show  respectively  the  electron 
diffraction  patterns  of  Sample  Gl  and  G2. 

DISCUSSION 

The  effective  dielectric  constant  can  be  simply  expressed  as 
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tc(f=(d,/dj)«,,  where  d,  is  the  average  dimension  of  grains,  d,  and  t, 
are  respectively  the  thickness  and  dielectric  constant  of  the 
insulating  layer‘d'.  Therefore,  lager  the  grain  size  and  thinner  the 
insulating  layer  are  the  key  factors  to  obtain  a  GBBL  capacitor 
ceramic  with  high  effective  dielectric  constant. 

1.  Effect  of  sintering  aid  Li>0  and  SiO, 

in  sintering  aid,  SiO,  is  a  typical  glass  former  and  LijO  is  a 
modifier,  they  are  easily  to  form  glass  phase  during  sintering.  The 
experimental  results  of  electron  diffraction  studies  (see  Fig.  8  and 
9)  also  support  the  conclusion  that  the  Li,0  and  SiOj  ingredients  in 
the  batch  mainly  form  gla.ss  phase  at  the  grain  boundaries  during 
sintering  and  LiftSi,07  crystallite  will  be  crystallized  from  the  glass 
phase  during  slowly  cotiling.  Most  of  the  Li*'  ions  will  not  enter  the 
SrTiO,  lattice  as  acceptors,  they  mainly  precipitate  at  the  grain 
boundaries  to  form  the  insulating  layer.  Furthermore,  the  amount 
of  I  i,0  content  in  the  batch  plays  an  important  role  on  the 
formation  temperature,  quantity  and  viscosity  of  the  glass  phase. 
Table  1 .  Fig.  1  and  2  show  that  only  appropriate  amount  of  Li,0 
content  can  form  a  glass  phase  with  grxxl  characteristics  to  satisfy 
the  demand  of  grain  growth  so  as  to  obtain  a  ceramic  material  with 
high  effective  dielectric  constant. 

Besides,  the  amount  of  [,i,0  content  will  affect  the  degree  of 
semiconductorization  of  the  grains.  Compare  Sample  1 ,  5  and 
Sample  .  6  in  Table  1  and  Fig.  1,  it  is  clear  that  with  definite 
amount  of  Nb,Os  content,  when  the  amount  of  Li,0  content 
increases  from  1.0mol%  to  2..‘imol%,  the  of  the  ceramic  will 
increa.se  1  to  2  orders  of  magnitude.  This  phenomenon  can  also  be 
explained  by  the  formation  of  glass  phase  at  grain  boundaries  to 
promote  grain  growth  and  the  volatilization  of  oxygen  so  as  to 
promote  the  semiconductorization  of  the  grains. 

2.  Effect  of  donor  dopant  Nb,0, 

It  was  well  known  that  Nb‘‘*  ions  easily  enter  the  SrTiO,  lattice  to 
replace  Ti'*'  ions  as  donor,  which  will  promote  the  volatilization  of 
oxygen  to  conduct  the  semiconductorization  of  grains  and  grain 
growth'"  "'.  For  low  Li20  content  samples  (No. 9  to  12  in  Table  1), 
since  the  characteristics  of  the  glass  phase  is  not  good  enough  to 
conduct  the  volatilization  of  oxygen,  higher  NbjO,  content  is 
required  to  promote  the  semiconductorization  of  the  grains. 
However,  for  high  LiiO  content  samples  (No.  1.3  to  16  in  Table  1), 
the  characteristics  of  the  glass  phase  system  seems  good  enough  to 
promote  grain  growth  and  the  volatilization  of  oxygen,  so  the 
semiconductorization  of  grains  will  proceed  well  even  though  the 
NbjO,  content  is  low.  From  our  experimental  results,  it  showed  that 
the  solubility  limit  of  Nb,0,  in  SrTiO,  lattice  is  smaller  than 
0.5mol%,  and  the  appropriate  doping  amount  of  Nb205  is  about 
O..3mol%.  Over  doping  of  NbiO,  in  SrTiO,  will  result  in 
precipitation  of  Nb20,  at  grain  boundaries,  which  will  give  rise  to 
lower  the  insulating  property  of  the  grain  boundary  so  as  to 
decrease  the  resistivity  of  the  material  and  increase  the  dielectric 
loss  (see  Fig.  2). 

.3.  Effects  of  sintering  temperature 

Curves  in  Fig.  .3  and  Fig.  4  show  that  for  one-step,  low-temperature 
sintering  SrTiO,-based  GBBE  capacitor  materials,  well  sintered 
ceramics  with  good  dielectric  properties  can  be  obtained  in  a  rather 
broad  sintering  lemperaliire  range  (IKX)  to  12C)0°C).  Higher  the 
sintering  temperature  has  the  advantage  to  promote  the  grain  growth 
so  as  to  increase  the  effective  dielectric  constant  of  the  material. 

4.  Effect  of  sintering  atmosphere 


Table  2  and  Fig.  5  show  along  with  the  decrease  of  the  oxygen 
partial  pressure  of  the  atmosphere  during  sintering,  the  grain  growth 
process  proceeds  well  and  the  dielectric  constant  of  the  material 
increases.  For  Sample  7  sintered  in  N,  +  H,,  a  strong  reducing 
atmosphere  with  oxygen  partial  pressure  smaller  than  10'^  atm,  the 
grain  growth  proceeded  very  fast  during  sintering  and  a 
microstructure  with  large  grains  and  dense  grain  boundanes  was 
obtained,  its  effective  dielectric  constant  is  several  orders  of 
magnitude  higher  than  those  materials  sintered  in  atmosphere  with 
higher  oxygen  partial  pressure.  According  to  the  mechanism  of 
semiconductorization  of  grains  by  oxygen  volatilization' donor 
doping  (e.g.  Nb,©,)  will  weaken  the  Ti-0  bond  to  promote  the 
volatilization  of  oxygen.  Strong  reducing  atmosphere  will  lower  the 
oxygen  partial  pressure  of  the  surrounding  and  improve  the  property 
of  the  glass  phase,  both  of  them  are  of  great  advantage  to  the 
oxygen  volatilization  process.  As  a  result,  grain  growth  and 
semiconductorization  of  grains  proceed  well,  a  ceramic  with  desired 
microstructure  and  gcxxl  dielectric  properties  is  obtained. 

5.  Effect  of  Ti/Sr  ratio 

Curves  in  Fig.  6  and  Fig.  7  show  that  variation  of  Ti/Sr  ratio  m  a 
certain  range  (1.02  to  0.98)  will  not  give  great  effect  on  the 
temperature  range  of  sintering  and  grain  semiconductorization  . 
However,  the  amount  of  donor  doping  and  sintering  condition  is 
relevant  to  the  effect  of  Ti/Sr  ratio.  In  case  of  good  sintering 
condition,  e.ccessive  SrO  (Ti/Sr  <  1 .00)  is  profitable  to  grain 
growth  so  as  to  increase  the  effective  dielectric  constant. 
Nevertheless,  the  presence  of  SrO  or  TiO,  at  grain  boundaries  is 
detrimenlai  to  the  insulating  property  of  the  grain  boundary  layer 
resulting  in  the  increase  of  the  dielectric  loss  of  the  material. 

CONCLUSION 

1.  A  new  technology  was  devdoped  to  fabricate  the  SrTiO,-bascd 
GBBL  capacitor  materials.  The  main  feature  of  the  technology  is 
one-step,  low-temperature  (1100-  1200°C)sintoring  of  the  material 
in  a  reducing  atmosphere  w  ith  doping  of  a  sintering  aid  composed 
of  Li;0  and  SiO,.  The  main  dielectric  properties  of  the  material 
fabricated  by  this  technology  are:  effective  dielectric  .onstant 
f,,i(>5xl0\  dielectric  loss  tan5<.S.0fc,  volume  resistivity  p,> 
ItV'Q-cm,  temperature  coefficient  of  £,,,<  lOfJ  (-25  --  -h85°C). 

2.  The  formation  mechanism  of  the  material  during  sintering  is 
schematically  shown  in  Fig.  10. 

3.  Only  if  the  Li;0  doping  reaches  certain  amount,  can  the 
characteristics  of  the  glass  phase  satisfy  the  demand  of  grain 
growth;  in  the  mean  time,  the  glass  phase  will  promote 
semiconductorization  of  grains.  Besides,  a  strong  reducing 
atmosphere  is  necessary  to  proceed  the  volatilization  of  oxygen. 
Small  fluctuation  of  sintering  temperature  or  Ti/Sr  ratio  will  not 
give  large  effect  on  the  sinterability,  microstructure  and  dielectric 
property  of  the  material. 

4.  It  is  possible  to  use  this  technology  to  develop  the  monolithic 
GBBL  capacitors  with  base  metal  (e.g.  Ni)  as  inner  electrodes. 
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Tdblc  1.  Composiiions  of  Samples 


Sample  No. 

12  3  4 

5  6  7  8 

LijO  (mo]5£) 

1.0  2.3  5.0  7.5 

1.0  2.3  5.0  7.5 

NTjjOs  (mol%) 

0.1 

0.5 

Feature 

_ 1 

low  NTijOj  content 

high  N’bjOj  content 

:  1 

Sample  No. 

9  10  11  12 

13  14  15  16 

NbjOj  (mol%) 

0.1  0.3  0.5  0.7 

0.1  0.3  0.5  0.7 

UjO  (mul%) 

1.0 

5.0 

Feature 

low  LijO  content 

high  LijO  conteni 

Tig.  3.  Dependence  of  dieleciric  properties  on  sintenng 
temperature 

— *—  Sample  3 

— • —  lani,  Sample  3 
e  Sample  7 

— ^ —  ian5,  Sample  7 


(a)  n00*c  (b)  1200*C 


Fig.  4.  Microstruciures  of  Sample  3  sintered  at  various  temperatures 


Li20  content  (mol^S) 


Fig. 


Dependence  of  dielectric  properties  on  LijO 
content 


low  Nb;Oj  content 
Ian5,  low  MbjOj  content 
p,  low  NbjOj  content 
high  KbjO,  content 
tan5,  high  NbjOj  content 
p,  high  NbjOj  content 


Fig.  2.  Dependence  of  dielectric  properties  on  NbjOj 
content 


low  LijO  content 
lan5,  low  LijO  content 
p,  low  LijO  content 
high  LijO  content 
tanS,  high  LijO  content 
p,  high  LijO  content 


Tabic  2.  Properties  of  Sample  7  sintered  in  various 
atmosphere 


Atmosphere 

air 

N, 

N,  +  Hj 

To,  (atm) 

0.21 

8.90X10* 

<  lO” 

2.11X10’ 

2.41x10’ 

4.47x10* 

lanS  (f!) 

2.78 

3.15 

3.61 

p  (O  cm) 

3X10’ 

2x10’ 

3X10’ 

(c)  Nj  +  H, 


(b)  Nj 


Fig.  5.  Microstructures  of  Sample  7 
sintered  in  various  atmosphere 
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Ti'Sr  ratio 


lNn.Ul-:NCK  OF  SWraUNG  tUNIJITION  CW  MICHOSim’rURi.  DtVK!X)i>^U■^T 
OF  BaTiO^  BASED  PPCR  MA'1ERI.4LB 


Z.  Z.  Huang,  H.  M.  Iaj  and  Z.  W.  Vin 
Hie  Shanghai  Institute  of  Ceramics,  'fhe  Chinese  Academy  of  Science's 
Shanghai  200050,  China 


The  influence  of  sintering  condition  on  the 
microstructure  development  of  (Ba-SrlTiO^  systtin  was 
studied.  The  experimental  res-ults  showed  that  the 
samples  were  densified  at  a  rather  Itnv  temperature 
without  substantial  grain  growth.  As  temperature 
increased,  both  discontinueous  and  continueous  grain 
growth  could  take  place  depending  mainly  on  the  tempera¬ 
ture  range  and  heating  rate  of  sintering  schedule,  i.e. 
nucleation  and  grain  growth  processes.  A  good  FTCR 
characteristic  was  observed  with  the  sample  having 
grain  size  of  5-1 Oum.  Compared  to  the  normal  process, 
sintering  in  nitrigen  and  cooling  in  air  for  (Ba-PblTiO^ 
system  would  pnxluce  a  fim^r  grain  microstructure, 
which  resulted  in  decreasing  resistivity  tind  improving 
FTCR  characteristic.  Microanalyses  (SIMS  and  EPMA) 
indicated  that  the  additive  ions  would  mainly  deposite 
at  grain  boundary  and  intergranular  region. 

Introduction 


FTCR  effect  refers  to  the  positive  temperature 
coefficient  of  resistivity  exhibittxl  by  certain  n-type 
semiconducting  barium  titanate  poly-crystalline  material, 
which  is  properly  donor-doped  in  its  composition, 
sintered  or  annealed  in  oxidation  atmosphere  and  yields 
a  certain  extent  of  grain  growth  in  its  microstructure 
developmient^  . 

The  mechanisjTi  of  PFCR  effect  was  considered  as 
a  grain  boundary  effect  rather  than  a  bulk  phenomenon. 
Potential  barriers  at  the  grain  boundary'  are  formed, 
which  are  supposed  as  a  result  of  P-type  contamination, 
adsorbed  oxygen  and/or  nation  vacancy  after  sintering 
in  oxidation  atmosphere^ The  ferroelectric  nature  of 
the  material  allows  the  potential  barriers  to  be 
activated  above  the  Cttrie  Point  resulting  in  a  sharp 
rise  in  resistance.  Below  the  Curie  Point,  the  barriers 
are  weak  due  mainly  to  the  spontaneous  polarization  of 
the  ferroelectric  materials,  which  compensates  the 
barrier  charge.  That  leads  to  observed  in 

barium  titanate  ceramic  materials'' 

FTCR  material  has  found  a  variety  of  applica¬ 
tions  because  of  the  abrupt  change  of  its  resistance 
value  near  the  ferroelectric  Curie  Point,  making  it  one. 
of  the  most  important  ferroelectric  ceramic  materials'' 

A  high  perfoimance  FTCR  material  requires  low  electrical 
resistivity  below  Tc,  low  voltage  sensitivity  eind  high 
temperature  shock  resistance.  In  order  to  achieve  these 
requirements,  the  ceramic  material  with  a  high  density, 
fine  grain  size  and  uniform  microstructure  development 
is  needed. 

.  In  this  papier,  the  temperature  range  and 
heating  rate  during  the  sintering  process  of  (Ba-SrlTiO^ 
solid  solution  were  studied  to  obtain  a  fine  grain 
body  with  a  good  FTCR  characteristic,  and  the  relation 
between  the  microstructure  development  and  PTCR 
characteristic  was  also  discussed.  A  material  with 
lower  resistivity  was  obtained  from  the  (Ba-PblTiO^ 
solid  solution,  which  showed  that  a  finer  grain  micro- 
structure  development  could  be  obtained  when  the 
ceramics  was  sintered  in  nitrigen  atmosphere  and  cooled 
in  air.  The  different  distribution  of  the  main 
constituents  and  the  additive  ions  were  measured  by 
tnicroanalysis  for  these  PTCR  materials. 


Prepuj-ation  and  Perlui-mance  of  the  Samples 

In  this  expieriment,  FICH  materials  were 
prepared  by  using  the  mixed  oxide  rm.'thod.  (B;i-Sr)TiO 
and  (Ba-FblTiO^  solid  solutions  were  selected  to 
obtain  the  samples  with  different  Curie  Point,  La.p^ 
and  ^  donor  were  added  in  t  he  compxjsi  t  ions7 

AI2O  ,  SiO^,  CaCOg  and  Mn  ion  as  additives  were  dopied 
to  ifiprove^the  sintering  tiehavior,  microstructure 
development  and  the  electrical  (xirfomiance  of  the 
materials.  The  pxjwder  of  mixed  oxides  with  donor  doixxl 
were  calcined  at  1150  C  for  -4  hr.  for  BaTiO„  com^josi- 
tion  and  (Ba-Sr)TiO^  solid  solution,  and  950° C  lor  2  hr. 
for  PbriO„  composition,  respx?ctively ,  The  sintering 
process  wfc  as  follows:  the  grc'etn  b^ies  were  first 
heated  to  a  Igwer  temijerature  (1200  C  or  higher)  at 
a  rate  of  500  C/hg,,  then  fast  heating  to  sintering 
temperature  (1300  C  or  higher),  soaking  for  a  period  of 
time  (e.g.  0.5  hr.),  and  finally  Cfxiling  to  nxm  tem- 
piorature  at  a  rate  of  300-500  C/hr.  derx?nding  on  the 
desired  performance  of  the  sam^tle.  The  experiment  of 
sintering  in  nitrigen  atmosphere  and  cooling  in  air 
was  conducted  for  the  (Ba-Pb)Ti0„  solid  solution  with 
the  same  temperature  schedule  and  heating  rate 
described  above. 

The  sintered  samples  were  ground  and  electrtxied 
with  electroless  nickel,  then  silver  paste.  The  sample 
of  (Ba-SrlTiOj  solid  solution  exhibited  quite  a  good 
PTCR  characteristic  (  >  5  orders  of  magnitude  resistance 
jump)  with  grain  size  of  5-lOum.  The  sample  of  (Ba-Pb) 
Ti0„  solid  solution  possesses  quite  a  lovv  resistivity 
(  <’^10011. an)  below  Tc  with  a  good  PTCR  characteristic, 
which  seems  to  be  suitable  for  the  lav  voltage 
applications. 


Results  and  Discussion 


Influence  of  Sintering  Condition  on  the  Microstructure 
Developinient  and  FTCR  Characteristic 

Tlie  very  different  microstructure  developments 
were  observed  for  the  samples  of  donorg^opiedg^Ba-S^^TiOg 
so^^d  solution  with  some  additives  (Ca  ,  A1  ,  Si  , 

Mn'^  )  sintered  in  different  conditions,  which  are 
shown  in  Figure  1,  and  the  resistivity  as  a  function 
of  temperature  for  these  samples  are  shown  in  Figure  2. 

A  dense  body  with  fine  grain  microstructure  (grain 
size-2um)  was  obtained  for  the  sample  sintered  at 
1220°C/0.5hr.  and  1310°C/0.5hr.  seen  from  Fig.  1(a).  In 
other  words,  the  densification  process  took  place  with 
a  negligible  degree  of  grain  growth  at  a  lower  tem- 
pjerature  range  in  presence  of  certain  additives' 

This  sample  exhibited  an  insulating  behavior  with 
brown  in  color.  As  tanperature  increased,  the  grain 
fcrowth  took  place.  A  duplex  microstructure  development 
was  obtained  as  shown  in  Fig.  1(b).  This  typical 
discontinueous  grain  growth  phenomenon  is  not  good  to 
PTCR  effect  seen  from  Fig.  2.  Havever,  a  relatively 
uniform  microstructure  development  was  prefaced  for  the 
sample  sintered  at  1270°C/0.5hr.  and  1330°C/0.5hr.  It 
could  be  deduced  Jhat  a  large  number  of  grains  might 
nucleate  at  -1270  C,  and  then  grow  to  a  certain  extent 
(e.g,  5-lOum)  as  shown  in  Fig.  1(c),  This  phenomenon 
seems  to  be  a  typical  continueous  grain  growth  occur ing 
in  titanates,  which  is  beneficial  to  the  FTCR  effect  as 
shown  in  Fig.  2.  As  the  sintering  temperature  increased 
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[riifTRA riiur  ' 

FIGURE  3 

Comparison  of  FTCR  characteristic  of  samples  sintered 
at  nitrigen  and  air  atmosphere. 


FIGURE  4 

SEM  micrographs  of  as-fired  surface  of  the  samples 
sintered  at  different  atmosphere 
(a)  nitrigen  (b)  air 


further,  e.g.  I360'’c/hr.,  the  exaggerating  grain  growth 
tc»k  place,  some  grains  outgrew  in  oonsunption  of 
surrounding  small  grains  as  shown  in  Fig.  1(d).  This 
cttarsening  phenomenon  indicates  that  the  secondai-i' 
recrv'stal lizat ion.pwcess  seanod  to  occur  in  this  tem¬ 
perature  range, ^  '  and  is  harmful  to  the  PTCR  effect 

as  shown  in  Fig,  2.  As  mentioned  above,  the  micro¬ 
structure  development  of  the  samples  of  donor-dofxxl 
(iJa-Sr)TiO,,  solid  solution  seemed  to  be  determined  by 
two  separate  processes,  nucleation  and  grain  growth, 
which  were  strongly  influenced  by  the  teroperature  range 
and  heating  ratt"  of  sintering  schedule. 

Influence  of  Sintering  Atmosphere 

The  experiment  of  sintering  in  nitrigen 
atmosphere  and  cooling  in  air  was  conducted  on  the 
sanples  of  donor-doped  (Ba-Pb)TiO„  solid  solution. 
Cotpared  to  the  normal  sintering  process,  the  sanple 
exhibited  a  Icwer  resistivity  below  Tc  and  some 
improvement  in  PTCR  characteristic  as  shown  in  Fig.  3. 
The  relevant  microstructure  developments  are  shown  in 
Figure  4.  An  average  grain  size  of  -3um  was  observed, 
which  is  smaller  than  that  sintered  in  air.  Tliis  result 
oould  be  attributed  to  the  different  diffusing  rate  of 
ions  in  nitrigen  or  in  air,  and  possibly  less  evapora¬ 
tion  of  Pb  in  the  form  of  PhD  in  nitrigen  atmosphere. 

It  could  b(^  suppcised  that  this  firing  process  would 
promote  the  reduction  of  grain  and  prohibit  the„grain 
growth  during  sintering  in  nitrigen  atmosphere^  , 
thereafter  fully  reoxidize  the  grain  boundary  during 
cooling  in  air,  which  is  beneficial  to  the  PTCR  effect, 
especially  for  the  preparation  of  PTCR  material  with  a 
lower  resistivity  (e.g. <•  lOOA.cm)  to  meet  the  require¬ 
ment  used  in  low  voltage  field. 

Ion  Distribution 


FIGURE  5 

Distribution  of  some  ions  in  the  depth  profile  of 
sanples  based  on  (Ba-Sr)TiO„  solid  solution  measured 
with  SIMS. 


The  distribution  of  ions  in  the  depth  profile 
of  the  sample  of  (Ba-SrlTlO^  solid  solution  was 
measured  by  SIMS  (Secondarj'  Ion  Mass  Spectroscopy)  as 
shown  in  Figure  5.  It  could  be  seen  thgj  the  di|iribu- 
tions  of  the  main  constituent  ions  (Ba  and  Ti  )  and 
donor  ions  (La"’  and  Nb^)  seem  to  be  relatively 
homogeneoi^  in  the  depth  profile,  however,  the  additive 
ions  and  Si'^'^)  shav  some  segregation  at  grain 

boundary . 


lOum 
I _ I 


FIGURE  6 

SEM  micrograph  of  polished  surface  without  any 
etching  treatment  and  EPMA  measurement. 


The  EPMA  (Electron  Probe  Microanalysis)  was 
carried  out  with  a  polished  surface  of  the  sanple  of 
(Ba-Pb)TiO„  solid  solution  without  any  etching 
treatment, ‘^which  is  shown  in  Figure  6.  The  scanning 
operation  was  conducted  along  the  line  depicted  in 
the  figure. 

The  similar  results  were  o^jained; 

the  main  constituent  iog^  (Ba  ,  Pb  and  Ti  )  and 
donor  ions  (La'^  and  Nb^)  were  detected  both  at  the 
white  areas  (grain  regions)  and  at  the  black  areas 
(grain  boundary  and  igtergranu^^  regions),  whereas 
the  additive  ions  (Al"^  and  Si  )  were  only  detected 
at  the  black  areas  (grain  boundary  and  intergranular 
regions). 

Apparently,  it  could  be  deduced  that  the  role 
of  the  additives  (A1  and  SiO„)  would  mainly  exert 
on  the  grain  boundary  rather  than  the  grain  itself. 


Conclusion 

1)  The  microstructure  development  of  (Ba-Sr) 
TiO„  solid  solution  with  donor  and  other  additives 
was  strongly  influenced  by  the  sintering  condition. 

A  densification  process  could  take  place  at  a  lower 
tenperature  with  a  regligible  grain  growth.  As  the 
sintering  terrperature  increased,  both  discontinueous 
and  continueous  grain  growth  processes  could  occur 
depending  mainly  on  the  tenperature  range  and  heating 
rate. 

2)  Conpared  to  normal  process,  sintering  in 
nitrigen  and  cooling  in  air  would  produce  a  finer 
grain  microstructure  development,  decrease  resistivity 
and  improve  the  PTCR  effect  in  (fe-PblTiO^  solid 
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solution 


3)  Microanalyses  (SIMS  and  EPMA)  indicate 
that  the  additive  ions  in  BaTiO^-based  PTCR  material 
would  mainly  deposite  at  the  grain  boundary  and 
intergnuiular  regions. 
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1>A  IhXlt: 


Al)sliai'l 

111  iliis  iMilk.  a  in.ulilK-i!  hiiiipfil  paraiiictei  metlinii  has  hci-ii 
ihsi.  usslhI  vshich.  \s c  holK’sc,  IS  espcsialls  suilahle  tar  iiac irrss as c 
nK-asiiKMiis'iils  111  iliclcctris  ilispi-rsioii  iii  hif;h  da-ksttis  inatenals  iii 
a  paitKulai  tiesiaaiu  s  rt*iiu>n  1  lir  niclh<Hl  soinhiiK's  some  I'l  ihc 
Icaliires  ot  hath  ilia  liiMipt.-il  paramett.'r  melhait  aiui  the  ihsitihuleil 
p.irametei  iiietiaHl.  Ihelestris'  ilispei sinus  tor 
I'h/ri  ,  I  k(  Ha  I  i(  t>  luul  HavSi  i  >  1  it  )i  seKuna  s  ni  the  trei|iieiK  > 
ilamaiii  liaiii  1  Mil/  to  Kill/  are  piesenterl  Ihis  paper  also 
(tiseusscs  the  prineiple  of  the  iiieasiiiemeiit  ami  the  aeiuraey  at  tlie 
esperiiiieiital  data  wills  It  is  isMiiesesI 

I.  IntrrMiurtion 

Dielestiis  piapeities  nt  terraelestne  materi.ils  .uul  their  treiiiieiicy 
depeiidenee  are  at  gieat  iiiiponanee  in  iiiiuiy  applaatians  Dielectric 
dispersion  in  ferroelectric  materials  lias  heen  measurerl  and 
discussesl  hv  many  authors  |  I  h|  Die  nieasutetiient  ot  relative 
ilielesliic  consiaiil  (fl  and  loss  tangent  (laii6)  in  lerroeleciric 
materials  at  microwave  tiec|uencies  is  nuule  dilticull  by  the  large 
dielectric  coiistiuil  and  loss  liuigenls  exliibiled  by  these  nialerials 
III  general,  high  trec|uency  dielectric  itieasiiremeitl  lechniciues  are 
maiiiK  divided  into  two  sections  I  I )  the  transmission  iechiiic<iies, 
and  i2i  the  resonant  lecliniiiues,  among  which  only  the 
transmission  technK|ues  have  the  swept  Ireqiiency  capability  ! he 
transinission  leclinicnies  tor  micniwave  nieasiiremenls  on  dielectric 
samples  can  he  classitieil  into  two  categories  One  is  the  lumped 
capacitance  method  and  the  other  is  the  distributed  parameter 
ineihod  111  practice,  however,  tlie  microwave  measurements  tor 
high  dielectric  materials  in  the  trec|uency  range  I  (Ml  MH/  -•  2('iHz 
can  not  be  made  accurately  by  either  of  these  two  methods,  even 
though  the  microwave  equipments  have  heett  itnproved  significiuitly 

ill  the  past  few  ilecades  Hie  ohiective  ot  this  study  is  to  measure  the 
dielectric  dispeisiotis  ot  high  dielectric  constiuits  materials  at  the 
tiequency  range  1  MM?  2011/ 

II.  I  jiiiitiliioiis  of  ('onvpntirniiil  IMoUkhLs 

In  the  lumped  cap.tcitance  method,  a  dielectric  siuttple  was  placed 
on  the  end  of  a  shorted  coa.xial  line  and  the  complex  rcllcction 
coellicient  was  measured  by  the  lime  domain  renectmetcr  flDR) 
through  the  vector  voltage  ratio  of  the  reflected  wave  to  tire  incidetil 
wave  from  the  sample  |7| 


wheie  Viii  is  the  voltage  ot  the  reflected  wave  and  Vhk  represents 
the  voltage  of  the  inc  ident  wave  The  complex  retlection  coetficieni 
is  a  function  of  the  cmnplex  permittivity,  and  thus,  the  real  and 
imaginarv  parts  of  the  relative  |iennittivily  cim  lx-  expressed  as  I7.S| 

2lrh"'»  ,2, 


where  (  ,i  is  the  c  ap.ic  nance  ot  die  test  capacitor  and  /ki  is  the 
cliaiacterisiic  impedance  ot  itie  iielwoik  aiialv/er  file  h.iciv 
assumption  loi  ihe  lumped  capacitance  method  is  that  the  elecliic 
tield  IS  uinloriii  lliioiigliout  the  sample  In  otlier  words  this  means 
that  the  measuied  lellection  coellicient  is  equal  to  the  mtiiiisic 
retlection  coellicient  ot  saiiiphc,  which  ..  ....iced  n.  the  complex 
|xiinittiv  itv  ot  ihc  sample  If  this  b.t.i.  lequiiemeiit  could  not  he 
satisfied,  the  accurate  results  woulil  not  be  obi.iined  hv  using  tlie 
lunqied  capac  itance  iiieiliod  At  higher  tiecjueiic  les.  the  lumped 
c.ipac  itaiice  method  breaks  down  in  several  respects  i|i  |  lie 
measuied  capacmuice  of  the  sample  caiinot  Ive  siniplv  relateii  to  the 
real  dielectric  consiani  ot  the  s.imple  because  ol  the  non  unilorm 
vaiiation  ol  the  electric  I'lelil  thioughoul  the  siunple  In  other  words, 
tor  high  dielectric  consiruil  materials,  due  to  the  wave  coni()ression, 
the  basic  assumption  loi  the  lumped  inqredaiice  technique  loses 
validilv  at  the  high  trequeiicy  It  is  .  iherelorc,  required  that  the 

lliickness  of  Ihe  sample  should  Ive  aiound  the  order  of  a  tew  percent 
of  a  wavelength  at  the  highest  frequenev  of  interest  in  order  to  obtain 
rather  accur.iie  expel niieiiial  data  It  the  material  has  a  dielectric 
consliuit  at  about  ItMMI  .it  the  tiequency  of  I  (iM/.  the  corresponding 
thic  kness  ot  Ihe  s.imple  shoulil  be  Ihe  order  ol  I  (Ml  pin  I  he  other 
dimensions  ot  specimens  should  also  he  much  less  than  the 
wavelength  ol  light  (2l  llie  fringe  tield  effects  |c»|  and  Ihe  iiiahilily 
ol  the  measurement  equipment  also  affect  the  accuraev  of  me.Lsured 
experimental  data  severely  At  the  high  Ireqiienc  les.  the  Iringing 
Held  IS  usually  no  longer  negligible  I  he  smaller  cross  section  of 
samples  riecreases  the  fringe  field,  however,  inachining  the  siunple 
becomes  dillictill  In  addition.  due  to  the  liiniiaiions  of 
measurement  insiriimenis.  the  maximum  readable  ca|iacil;mce  value 
within  .‘v'l  acciiiacy  is  always  limited  at  the  higher  Irequencies  On 
(he  other  hruid.  it  is  known  that  the  distributed  inuismission  meiluul 
does  not  rev)uire  the  uniloini  Held  assiimplion  In  this  method, 
however,  the  wave  guide  is  the  primary  medium  of  microwave 
propagation  If  the  ciitolf  tiequency  is  around  KM)  Mil/,  the  wave 
guide  dimensions  should  be  aiouiul  the  order  of  ().,*'  m.  which  is 
apparently  not  reasonable  in  praciic.il  cases 

HI.  TIm*  IViiifipk*  of  Uie  Pn)|>os«Hl  Meitsuremont  Method 

As  discussed  above,  due  to  the  iiinueiice  of  fringing  fields 
luul  the  ditticiilly  of  sample  machining,  it  is  difficult  to  salisfv  the 
requirement  ol  the  critical  tliickness  which  is  imposed  bv  tlie 
assumption  ot  the  lumped  impedance  techiiicpie  dhe  questinn. 
therefore,  aiises  as  to  whether  or  not  the  liini|ved  imjved.iiice  melhiKl 
ciui  |ve  mrvditied  in  order  to  extend  the  scai|X*  of  its  applic. it  iritis 
Dsually.  in  Ihe  high  trequeiicy  region,  Ihe  ilimeiision  of  Ihe  sample 
ilives  ni*t  tiiltill  the  critical  recjiiirement  ot  Ihe  sample  dimension  in 
tenns  of  the  basic  assumption  ot  the  lunqvetl  parameter  method 
Iherefore.  the  measured  retlection  coefficient  is  not  e.xacllv  equal  to 
Ihc  intrinsic  letk-ction  coetlicieiil  of  the  sample  Hence.  Ihe 
measured  reneclion  coeflicieni  is  not  solelv  related  to  the  complex 
pennittivity.  which  is  allecled  also  by  the  losses  ;uid  the  phase  shift 
ot  the  measuring  signal  during  the  electromagnetic  wave  passing 
through  Ihe  sample.  In  older  to  overcome  these  difficulties,  to 
describe  the  tneasuretneni  situation  accurately  ,  and  to  make  Ihe 
measurement  practical.  Ihe  measuied  sample  can  Ive  considererl  as  i 
’■quasirtransmission"  line  Precisely  speaking,  in  this  situation  we 
may  visualize  the  measuieil  sample  compiising  ivf  twrv  parts,  as 
shown  in  Pig.  I  Part  I  is  a  very'  thin  layer,  which  is  thin  enough  to 
be  equivalent  to  an  ideal  lum|ved  capacitance  system  I'he  reflection 

coefficient  of  this  part  represents  the  intrinsic  properties  of  the 
measured  material  Part  II  is  the  rest  of  the  siunple  (  Ihe  shadowed 
aiea)  which  is  a  "lossy  transmission  line  "  or  a  distributed 
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component,  and  could  be  described  by  a  simple  two-  port  net  work, 
as  showin  in  Fig  (Ic) 


Figure  1.  (a)  Schettialic  draw'ing  of  Ibe  s;uiiple  imaged  as  the  two 
parts  of  a  "lossy  quasi-  lumped  transmission  line" 

(b)  FAtuiv;ilent  circuit  of  the  real  sample 

(c)  Terminated  two-port  network  with  the  Sii  parameters  to 
describe  the  nature  of  the  sample 


lire  equivalent  circuits  of  the  S|recimen  are  also  shown  in  Figs.ltbi 
and  (Ic)  According  to  this  equivalent  circuit,  the  relationship 
between  the  nteasured  reflection  coelficicnt  and  intrinsic  reflection 
coefficient  can  be  expressed  as|  l()| 


r.  = 


I'  -S, 


-I-  s,, 


(4) 


In  reality,  as  long  as  the  thickness  of  the  measured  samples  does  nor 
fulfil  the  critica'  •  .■quirement  of  lum[Teil  parameter  methixl.  it  can  Ixr 
considered  that  part  II  exists  in  the  measured  sample,  which  w  ill 
cause  attenuation  of  the  signal  am(ilitude  and  the  phase  shift  of  the 
measured  signal  when  the  measured  signal  goes  through  the 
sample  Therefore,  by  using  ei]  (4).  intrinsic  reflection  coefficients 
of  the  sample  can  be  retrieved  and  obtained  from  the  measured 
reflection  coefTicient  provided  the  Si|  panuneters  are  known 
In  a  simplified  case  I  here  we  assume  .S||=.Ss2.  .Sii  =  .S2|). 
according  to  the  theory  of  the  distributed  parameter  method  |.‘i.l  1 1. 
S||  ;uid  S|2  can  be  expressed  in  terms  ot  the  sum  of  reflected  ;uid 
tr.'uismitted  waves  and  can  be  numerically  evaluated  by  ( I  1 1 


S  I  I  -  P 


expt  2  yl) 


I  -  p  expt -2  yl  I 


(.■^l 


^  11-p  |e,xp(-2yl) 

I  -  p  expt -2  yl) 

wliere 

1/: 

I  tr*)  „ 

p=  .  y  =  (i -rip  =  |oj  (p*t  *  I 

1+  (l*) 

I  is  the  thickness  of  measurer!  santple.  and  t  *  is  die  lelaiive 
complex  |>ennilliviiv  l  iom  eqs  t  ‘'l  and  tf>).  ii  is  \ci\  olw  loiis  ili.it 
when  the  measuring  frequency  is  very  low.  .Sii  approaches  lo  7eio 
iuid  Si:  is  equal  to  I  llitis  .  from  eq  |4)  T,,,  is  equal  lo  1.  I  Ins  is 

the  case  in  ;ui  ideal  luni|>ed  capacitance  siiu  itioii  l  ig  2  presents  the 
theoretical  calculations  of  .Sii  luid  Si:  as  a  function  ol  fiequeiicies 
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I  igiiie  2  nieoielical  calculations  of  the  real  and  imaginary  parts  of 

the  n.ir'met“''s  ^  \ 

tarilieorelical  calculated  real  and  iniaginaiy  niagnitiides  of  Si^ 
tb)  The  S|  I  versus  frequency  in  the  r.ange  1 11/  1(  iff? 

As  discussed  alxive.  in  the  real  measiirenicnts.  if  die  measureil 
frequenev  Iveconies  veix  high.  w  ill  he  stiongly  affected  by  die 
electromagnetic  wave  absorption  and  phase  sliifi  inside  part  II  of 
the  sjuiiple  In  principle,  as  long  as  die  inlliieiice  of  pan  II  in  the 
sample  is  not  very  huge,  which  may  be  (oiisidered  as  a  small 
perturbation  tcmi  in  teniis  of  I  s.  (  rliis  condition  is  easily  fulfilled  in 
pr.actice).  we  c:ui  obtain  the  intrinsic  reflection  coefficient  of  tfie 
siunple  tl  s)  by  retrieving  the  measured  reflection  coefficients  (I  n.) 
from  eq  (4)  through  the  numerically  evaluated  -S.i  parameters  in  an 
iterative  process,  lire  calculation  procedure  is  that  we  assumed  Tm 
=  I's.  Si:=  S:i  =1.  and  Sn=  S::=  (1  at  the  lowest  measuring 
frequency  .  and  then  we  used  the  measured  dielectric  coef  ficients  of 
every  preceding  frequenev  spot  to  evaluate  .S.i  parameters  for  next 
neighbor  higher  frequency  spot  by  Hqs  7  .“s  luid  7  6 
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fiiiiilly,  the  cumplex  dielei.iin.  dispeiMciii  (f*  =  i  r  '  i  cjii  I'c 
iihlaiiietl  troni  ttie  iiittiiisn,  rctk-itiiiii  ciicftn.  letil  nt  the  s.uiipk*  f  -  tn 

(  I  r  ) 

e*  =  '  (7i 

1(1+I\  )  2  I 

where  /m  is  the  tharaelerislic  miix^daiiee  cit  ihe  iiii(ie<.laiicc  ajial>/er 
Oi=  foa  A1 


I  he^e  results  ate  similar  to  those  ot  |>ie\  ions  mr  est  leat  lous  |  1  1 
(•frirrt  otrr  results,  however,  tt  rati  be  touiul  that  the  immimim 
relaxatttrti  treL|uettcs  (or  the  resotiattse  ltee|uetis\  ol  iloiiraitt  wall 
riiiitiiiiisi  neiiits  m  the  i.ciuitm  with  the  s oiiiposit loii  near  the 
niurpluilriiptt  phase  hoiiiKlarv  llrese  experititental  ilata  are  useliil 
liir  estiniatiii^  the  ellestise  mass  ol  ilomaiii  wall  motions  I  le  1 
shows  the  ilieleeliii  ihspersions  ol  both  poleil  ,ukl  uiipoleil  (VI 
eeraiiiit  samples  I  he  pie/oeles li ii  lesoiiames  i  ,m  be  i.leail\ 
observed  at  serv  high  (rei|iienis  (.iioiiiu)  Kill  MH/i  due  lo  the 
sample  diiiieiisioiis  uupKiiig  that  the  measured  data  aie  reliable 


IV.  I'Aperinieiilal  Kesiilis  and  Disciissiinis 


The  PblZrs’I'il  s)  O',  Bal'd)'  aitd  Ban  sSrii  s  l  iO'  eeramies  were 
prepared  by  the  coiiveitlioiiiil  mixed-  oxide  process  The  siuiiples 
were  cut  lo  approximately  Ihe  plate  shape  Hieir  dimensions  were 
much  smaller  than  the  wavelength  of  light  Before  making  lire 
electrodes,  the  surfaces  of  specimens  were  |«ilished,  etched  and 
iuiiietiled  in  order  lo  keep  die  coiitribulioiis  of  surface  layer  low  The 
complex  reflection  coefficient  of  the  sample  was  recorded  with  IIP 
dldlA  impedance  tmalyver.  with  a  test  frequency  nuige  from  IMH/ 
lo  1  CJHz  Ihe  frequency  de(>etulence  of  ilieleclric  constants  and 
their  losses  for  P7.'l'  ceramics  are  shown  in  big  V 


Figure  .V  Dielectric  constants  ;rnd  losses  vs  frequencies  in  the  PZ’I' 
system. 
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Figure  ^  Die  dielectric  rhspersion  in  P/1  tuul  Bal  iO'  ceiamics 


Figure  b.  Tlte  dielectric  dispersion  in  soft  PZF.  hard  IV,T  and 
B;i<ix  -Sri)  s  TiOr  ceramics 


Figure  4.  The  dielectric  dispersion  in  poled  and  unpoled  PZT 
ceramics. 
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Cole-Cole  Plot 
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Figure  7.  Cole  -  Cole  plot  of  the  complex  dielectric  constants  of 
PCT  ceramics  with  different  Ti  concentration 

The  dielectric  dispersion  in  PZT,  Ba'FiOi  iutd  Ban  sSro  sTitfr  have 
been  presented  in  Figs(?)  and  (b)  It  c;ui  be  found  that  the  real  value 
of  dielectric  constant  of  BaosSr(i5Ti()'  is  almost  indepeiuteni  of 
measured  frequencies,  which  is  basic  consistent  with  previous 
studies  I.*!,  12|  It  should  be  noted  that  since  the  Sii  paraitteter  was 
estimated  by  the  initially  assumed  dielectric  constiuits.  and  the 
measurement  instruments  have  some  limitations,  the  measurement 
error  is  still  rather  significiuit  regarding  materials  with  ultra  low  loss 
tangents.  In  fact,  at  the  frequency  of  I  GH?.  the  measured  dielectric- 
losses  (t).()l7--(l  02)  iue  .ilmost  one  order  of  magnitude  larger  th;ui 
the  true  values  [.5.121  Fig. 7  presents  a  Cole-  Cole  plot  of  the 
complex  dielectric  constants  of  the  PZT  system. 

In  summary,  a  quasi-lumped  parameter  method  is  discussed,  which 
is  suitable  for  the  impedance  measurements  of  ferroelectric  cenunics 
in  a  particular  frequency  range  ( 1  MHz  -  2GHz  ). 

Acknowledgement 

Authors  thank  Dr  1).  Selvaraj  for  supplying  the  sol  -  gel  powdets 
of  Bao  sSro  sTiOi  for  ceramic  sample  preparation.  litis  research 
was  supported  by  the  Office  of  Naval  Rese;irch 

V.  Reference 


1.  O.  Kersten  and  G. Shmidt.  "Dielectric  Dispersion  in  PZT 
Ceramics'.  Ferroelectrics  Vol.67.  ppl9l-197  ( 198b) 

2  A.V.  Turik.  K.R.Chernshov  and  V.D.  Komarov.  "Dielectric 
Dispersion  in  Ferroelectrics  with  Perovskite  Slracture  over  the 
Meter-Wave  Range ".  Ferroelectrics  Vol.b  pp4.5^7  ( 197.1) 

3.  M  M.Maglione.  R.Bohmer  A.LoidI  and  U.T.Hochli.  "  Polar 
Relaxation  Mode  in  Pure  and  Iron-Doped  Barium  Titanate". 
Physical  Review  B  Vol.4()(  lb)  ppl  1441-  1 1444  ( 1989) 

4.  Y.M  Poplavk.  V  G.Tsykalov.  and  V.l  Molchiuiov.  "Microwave 
Dielectric  Dispersion  of  the  Ferroelectric  and  Paraelectric  Phases  of 
Barium  Titanate".  Sov.  Phys. Solid  State  Vol  10.  pp2708-2712 
( I9b9) 


5  MT  l.anagan, "Microwave  Dielectric  Proerlics  ol 
Aniiferroeleciric  head  Zirconale '.  Ph  D  Fhesis.  The  PcnnsvKama 
State  University  ( 1987) 

b  Von  Hippel  A  R  "Ferroeleclriciiy.  Domain  Structure,  ;uid  Phase 
Transitions  of  Barium  Titanate  ' ,  Rev  Minlem  Phvs  22(1)  pp22 1 
217  ‘,1950) 

7  S  S  Stuchly  el.al  .  "Permilliv iiy  Measutemcnis  at  Microwave 
Frequencies  Using  Lumped  Flemenis".  IF'FT-  Trans 
lustrum. Metis.  Vol  IM-21  pp5b-b2  (1974):  "  A  Combined  Total 
Reflection-Transmission  Melhod  in  Aptilication  to  Dielectric 
Spectroscopy  ".  lEF.E  Trans  lustrum  Metis  Vol  IM-27  pp  285- 
288  ( 1978);  "A  Lumped  Capaciltuice  Melhod  for  the  Measurement 
of  the  Permitiiviiy  and  Conductiv  ity  in  the  Frequency  tuul  Time 
Domain--  A  Funh  Analy  sis '.  lEEF.  Trans  Inslmm  Metis.  Vol  IM- 
24(1)  pp27-15  (1975),  and  "  A  Time-  Domain  Technique  lor 
Measurement  of  the  Dielectric  Properties  of  Biological  Suhsttuices". 
lEEETituis.  Insiram  Metis  Vol  IM-21  p[i425  -410  ( 1972) 

8  1  Ichino,  H  Ohkawara.  tuid  N  Sugihara.  "Vector  Impedance 
Analysis  to  1000  MHz",  J  Hewletl-Packard.  pp22-1l  (1980) 

9.  M  F  Iskander  and  S  S  Stuchly  ,  "Fringing  Field  Effect  in  the 
Lumped-  Capacitance  Method  for  Permittiviiy  Measurement". 
IEEE  Trtuis  Instmm  Meas.  VoTlM-27  ppl07-l()9  ( 1978) 

10  S  F  Adams,  "Microwave  Theory  and  Applications  (Prentice 
Hall  Engle-  V  i  Cliffs.  NJ,  ( I9(i9)' 

11  Van  Geinert  M  J  C  .  "High-  Frequencv  Time  -  Domain 
Methods  in  Dielectric  Spectroscopy  ",  Phillips  Res  Repis  28 
pp5.10-572(1971) 

12  J  B  Horton  and  G.A  Burdick.  "Measiireiiient  of  Dielectric 
Consttutt  and  Loss  Tangent  in  Materials  Hav  ing  Large  Dielectric 
Constants".  IEEE  Trtuts  Microwave  Theory  Tech  V'ol  21.  pp871-- 
875  ( 1968)  and  U  Syamaprasad,  R  K  (iaigali  and  B  C  Mohanly. 
Dielectric  Properties  of  the  Bai  v  SrcTiOt  System  "  Materials 
Letters  7  (1988)  ppl 97-20 1 


483 


Al  l  OM-Vrt-D  SVSTFM  FOR  PROCESSING  OF  PL7.T  POWDERS  DER1\  ED  FROM  A(  EFATE  PREC  I  RSORS 


J  R  Barrett  and  E  C  Skaar 
Department  of  Ceramic  Engineering,  Clemson  L'niversity 
Clemson.  S  C  2‘}634-0W7 


Abstract 

An  IBM-PC  based  system  to  produce  and  control  the 
production  of  PL2T  powders  from  acetate  precursors  is  described 
Problems  with  the  development  of  appropriate  sensing  systems  and 
algorithms  are  discussed  A  proposed  prototype  system  is 
presented 

Introduction 

The  increasing  need  for  better  manufacturing  methods  for 
new  (and  old)  materials  has  been  the  purpose  for  ihis  study.  In 
advanced  materials  systems,  it  is  often  necessary  to  very  closely 
monitor  a  process,  which  can  be  very  expensive  if  the  procedure  is 
too  complicated  or  too  abstract  to  be  overseen  by  conventional 
sensors  and  computer  equipment  The  development  of  advanced 
sensors  can  enable  the  reduction  of  labor-intensive  procedures  ' 
The  use  of  advanced  sensors  in  conjunction  with  high-level  control 
methods,  such  as  artificial  intelligence,  can  result  in  a  cheaper,  yet 
higher  quality  product  in  processes  that  may  involve  complicated 
processing  steps  This  study  examines  the  use  of  software  and 
hardware  combined  in  an  automated  process  to  produce  PLZT 
powders  from  water  soluble  acetate  precursors 

Intelligent  Processing  of  Materials 

The  purpose  of  the  method  of  Intelligent  Processing  of 
Materials  (IPM)  is  to  reduce  the  period  between  materials 
development  and  the  production  of  those  materials  while  at  the 
same  time  increasing  the  quality  of  the  product  The  quality  that  is 
achieved  through  the  1PM  process  is  Duilt-in  during  production  and 
not  the  result  of  an  inspection  after  manufacture  '  1PM  is  desirable 
because  it  can  improve  the  quality,  reliability,  and  the  yield  of 
processed  materials  ^  1PM  combines  the  expertise  of  the  process 
engineer  and  the  knowledge  of  the  materials  scientist  through  the 
use  of  an  expert  system  ^  The  expert  system  is  a  computer's 
software  that  is  an  application  of  artificial  intelligence  which  utilizes 
efficient  and  effective  data  handling  and  retrieval  to  analyze  and 
predict  processing  events  ^  The  system  is  designed  in  such  a  way 
that  corrections  and/or  compensations  may  be  made  instantaneously 
in  a  process  so  that  the  result  is  a  high-quality  product.  This 
system  monitors  all  processing  steps  from  raw  material 
characteristics  to  the  final  product  during  the  manufacturing  so  that 
changes  can  be  made  in  each  step  and  in  future  steps  to  achieve  the 
highest  quality  product  Process  models  and  real-time  sensors  are 
heavily  relied  upon  in  the  IPM  strategy  so  that  higher  levels  of 
control  and  awareness  than  in  conventional  processes  can  be 
attained  In-situ  sensors  can  monitor  complex  characteristics  such 
as  microstructure  in  real  time  and  combine  this  data  with 
conventionally  sensed  data,  such  as  temperature  or  viscosity,  and 
the  resulting  combination  is  used  by  the  expert  system  to  make 
process  judgements  '  It  is  through  these  judgements  that  the 
process  is  improved  continually  to  compensate  for  process  and  raw 
material  variability 

To  implement  IPM  in  the  production  of  powders  from  PLZT 
acetate  solutions,  a  production  process  that  is  compatible  with  the 
requirements  of  an  automated  process  is  needed  The  production 


process  must  be  completely  defined  The  entire  process  for  this 
system  includes  the  making  of  PLZT  acetate  solutions,  the 
precipitation  of  a  solid,  the  separation  of  the  solid  from  the  liquid, 
and  the  processing  of  the  solid  into  a  powder  .As  the  process  is 
defined,  process  variables  are  defined  and  assessed  These  variables 
must  be  isolated  and  treated  in  a  manner  that  is  consistent  with  the 
IPM  process  It  is  also  imponant  that  the  equipment  that  makes  up 
the  system  be  compatible  so  that  it  can  be  linked  etficiently  and 
effectively  The  hardware,  such  as  mixing  equipment,  valves,  and 
sensors  must  be  linked  to  the  software  (computer)  that  runs  the 
system  The  hardware  and  software  are  the  two  major  components 
of  any  IPM  system,  and  each  has  its  own  purpose 

Sensors 

One  of  the  common  measurements  in  a  coprecipitation 
process  is  the  pH  of  the  solution  Howev  er,  pH  measurements  have 
been  found  to  be  impractical  and  not  suited  for  automated 
processes  for  this  particular  material  system  The  presence  of 
acetic  acid,  either  from  addition  or  from  the  bulk  raw  materials,  and 
the  high  methanol  concentration  of  the  water  soluble  solutions 
prohibits  an  accurate  and  reliable  measurement  of  pH  because  the 
glass  bulb  of  the  pH  probe  is  strongly  attacked  under  these 
conditions  ^  The  pH  measurement  is  based  on  the  Nernst  equation, 
which  assumes  that  the  hydrogen  ion  activity  is  equal  to  the 
hydrogen  ion  concentration  However,  the  Nernst  equation  is  not 
valid  for  low  hydrogen  ion  concentrations,  and  that  is  the  condition 
that  exists  with  this  system  In  addition,  the  ammonium  hydroxide 
used  as  a  precipitating  agent  destroys  the  hydrated  layer  that  is  used 
to  generate  the  potential  difference  for  a  pFl  reading  The  potential 
difference  is  the  signal  that  is  converted  to  a  pH  value  It  is 
possible  to  take  pH  measurements  in  this  system  in  a  laboratory 
environment,  but  it  is  not  possible  to  implement  this  sensing  method 
in  an  automated  process  because  of  the  constant  maintenance  that  is 
required  to  keep  the  pH  electrode  in  operating  condition  A  long 
stabilization  time  for  a  pH  reading  also  contributed  to  the  decision 
that  pH  is  not  suitable  for  this  IPM  procedure 

A  method  of  sensing  material  properties  that  has  been  found 
to  be  useful  for  automated  processes  is  the  measurement  of 
resistivity/conductivity  A  two-conductor  probe  was  constructed 
and  tested  for  reading  stabilization  (response)  time  and  stability  of 
the  reading  over  extended  time  periods  with  no  probe  maintenance 
The  first  attempts  to  use  the  probe  were  made  using  direct  current 
as  the  electrical  source  It  was  found  that  DC  measurements  would 
not  stabilize  or  would  stabilize  only  after  a  long  period  of  time 
Because  the  solutions  are  polar  in  nature,  it  is  believed  that  a 
polarization  of  the  solution  was  taking  place,  causing  the  readings 
to  drift.  As  a  result,  alternating  current  was  used  as  the  electrical 
source  Using  the  same  probe,  as  shown  in  Figure  1,  the  AC 
measurement  resulted  in  a  quick  reading  response  time,  in  the  range 
of  two  to  five  seconds  The  stabilization  of  the  reading  was  also 
satisfactory,  as  the  readings  stabilized  almost  immediately  The 
probe  was  left  in  a  variety  of  raw  material,  solvent,  and  batch 
solutions  for  periods  of  hours  to  days,  and  the  readings  were 
extremely  stable 

The  voltage  measurement  of  the  solution,  VS.  was  used  to 
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find  the  resistance  of  the  solution  after  the  current,  1,  was  found 
using  Ohm's  Law  for  the  known  resistor  in  the  probe  system  and 
measuring  the  voltage  across  it,  Vj  The  change  in  resistance  of 
the  solution  as  the  constituents  were  added  to  make  a  9/65/35 
PLZT  acetate  solution  batch  for  coprecipitation  was  plotted  against 
the  weight  of  the  total  batch,  as  shown  in  Figure  2  An  order  of 
addition  of  constituents  was  chosen  to  best  suit  the  homogeneity  of 
the  batch 

Generally,  the  resistance  of  the  total  batch  solution  increased 
as  each  constituent  was  added  This  result  is  encouraging  evidence 
that  an  AC  resistance  probe  can  be  used  in  an  1PM  process  for 
PLZT  acetate  solutions  when  an  expert  system  has  "learned"  the 
characteristics  of  the  batching  process  with  respect  to  change  in 
solution  resistance  vs  weight  of  addition.  The  constituent  that 
shows  a  possible  exception  for  the  upward  trend  is  lead  subacetate, 
for  which  the  resistance  decreased  after  a  point.  However,  the 
neural  network  that  runs  the  system  can  be  "trained"  to  compensate 
for  this  result  Naturally,  the  weight  of  the  batch  must  be 
monitored  and  the  process  model  for  this  procedure  must  be 
available  to  the  network,  so  that  the  computer  can  tailor  the 
batching  additions  and  other  parameters  to  fit  the  model  At  this 
point  in  the  development  of  the  system,  it  is  believed  that  the  lead 
subacetate  data  may  actually  not  be  much  cause  for  concern 
Because  of  the  difficulty  in  keeping  the  material  dissolved  during 
this  particular  test  and  other  conditions,  such  as  the  high 
evaporation  rate  in  this  open-air  test,  there  is  reason  to  believe  that 
a  test  of  a  larger  batch  size  in  a  closed  container  should  solve  the 
problem 
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Figure  I.  Method  of  measuring  resistance  of  PLZT  acetate 
solution  using  alternating  current. 

Algorithm  Development 

The  control  algorithm  for  this  process  is  a  two  part  algorithm. 
The  first  part  is  a  normal  weighing  or  batching  algorithm  It 
contains  a  database  of  recipes  for  the  solutions  required  to  make 
powders  of  various  compositions  As  long  as  the  process  does  not 
vary,  and  all  the  settings  remain  constant,  the  process  is  capable  of 
running  with  this  section  of  the  algorithm  alone  The  second  part  of 
the  algorithm  (currently  under  development)  is  designed  to  sense 
problems  and  make  corrections  to  the  process 


SotuooQ  Baich  Weight  (grams) 

Figure  2.  Solution  resistance  (AC  measurement)  for  the  total 
PLZT  acetate  batch  as  constituents  were  added 

This  second  section  is  an  artificially  intelligent  program  based 
on  a  neural  network  It  is  designed  to  sense  "out  of  control" 
conditions  and  make  appropriate  corrections  to  the  weighing  or 
batching  algorithm 

Neural  networks  excel  at  pattern  recognition,  diagnosis,  and 
decision  rn^king  ^  The  idea  behind  this  section  of  the  algorithm  is 
to  recognize  an  assignable  problem  as  it  develops,  and  compensate 
In  a  sense,  the  computer  is  programmed  to  utilize  statistical  process 
control 

For  example,  suppose  the  metering  mechanism  for  one  of  the 
constituents  became  partially  clogged  The  result  would  be  a 
variance  from  normal  with  respect  to  the  weight  and  the  resistance 
measurements  for  the  batch  The  pattern  of  these  measurements 
would  change  The  neural  network  would  be  taught  to  recognize 
this  pattern,  and  effect  the  appropriate  compensation  Other  types 
of  assignable  problems  would  also  present  their  unique  patterns 
which  the  neural  network  would  be  taught  to  recognize 

The  unique  beauty  of  using  neural  network  technology  for 
this  application  is  that  the  teaching  of  the  network  is  not  a  function 
of  programming,  but  rather  simulation  For  the  network  to 
function,  it  has  to  be  taught  the  patterns  that  specific  problems 
create.  We  accomplish  this  by  actually  simulating  the  problem  in 
the  process.  The  network  is  programmed  to  learn  and  recognize 
the  resulting  sensor  patterns  Once  the  network  recognizes  the 
pattern,  it  is  programmed  to  compensate  for  the  deficiency  A 
properly  designed  network,  therefore,  does  not  depend  upon  an 
exhaustive  database  of  every  problem.  Rather,  as  experience  is 
gained  with  a  process,  the  problems  and  solutions  can  be  taught  to 
the  network  The  algorithm  improves  with  operating  experience 
and  thus  the  process  can  proceed  toward  optimization 

Automated  Batching  System 

The  entire  automated  process  for  the  production  of  PLZT 
acetate  powders  that  is  being  developed  has  many  parts  that  need  to 
be  both  optimized  and  automated.  The  section  of  the  process  that 
has  received  the  greatest  attention  to  this  point  in  the  development 
of  the  total  process  is  the  automated  batching  system.  Figure  3 
shows  this  system,  which  utilizes  manually  filled  reservoirs 
containing  the  liquified  constituents  of  the  PLZT  acetate  system 
which  supply  smaller,  computer-controlled  reservoirs  that  are  used 
to  dispense  batch  amounts.  A  switch  system  that  consists  of  two 
stainless  steel  screws  and  a  low  current  is  used  as  a  liquid-contact 
switch  such  that  when  the  valve  from  the  larger,  manually 
controlled  reservoirs  is  opened,  the  fluid  will  flow  until  the  liquid 
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Figure  3.  Automated  solution  batching  system  controlled  by  IBM  PC, 


completes  the  circuit  between  the  two  contacts.  The  contacts  are 
positioned  at  the  top  and  at  the  bottom  of  the  reservoir  The  flow 
of  fluid  in  the  system  is  controlled  by  sets  of  solenoid  valves  that 
are  run  by  the  computer.  Once  the  circuit  is  completed,  as  the  fluid 
fills  the  reservoir,  the  switch  will  be  activated  and  the  solenoid 
valve  will  be  closed  by  the  computer  to  stop  the  fluid  flow.  Then, 
the  valves  of  the  smaller  dispensing  reservoirs  are  opened  for  a  time 
period  that  has  been  previously  determined,  based  on  material 
characteristics,  to  a  larger  mixing  reservoir.  The  longer  the  time 
that  the  valve  is  opened,  the  more  fluid  is  added  to  the  batch 

The  weight  of  the  constituent  is  checked  and  recorded  by  the 
computer  to  check  the  accuracy  of  the  system.  The  AC  resistance 
probe  will  also  be  used  here  to  detect  any  changes  and  be  a  part  of 
the  control  in  the  batching  procedures.  The  system  is  designed  to 
be  able  to  compensate  for  clogging  of  the  valves  and  changes  in 
viscosity  by  taking  in  data  on  the  raw  materials  and  the  trends  in  the 
process  The  expert  system  can  then  execute  an  order  to  make  a 
change  in  the  process  parameters  if  it  is  necessary  to  keep  the 
process  at  the  correct  level,  such  as  leaving  the  valve  open  a  longer 
or  shorter  period  of  time.  The  next  step  is  the  mixing  of  the 
constituents.  After  mixing,  a  valve  is  opened  and  the  constituents 
will  flow  into  the  precipitation  reactor  for  the  coprecipitation 
process 

The  automated  batching  system  will  be  run  by  the  expert 
system  in  a  manner  in  which  it  will  be  possible  to  enter  the  desired 
composition  of  the  PLZT  acetate  solution  to  be  made,  and  then  the 
process  will  be  changed  to  yield  the  correct  amounts  of  each 
constituent  needed. 


Summary 

The  requirements  for  the  use  of  better  manufacturing  methods 
in  the  production  of  materials  that  normally  require  labor-intensive 
procedures  have  been  the  reason  for  this  study.  The  reduction  of 
labor  hours  and  the  susbstantial  improvement  in  quality  of  the 
materials  that  is  possible  are  the  integral  in  the  theory  of  Intelligent 
Processing  of  Materials  An  expert  system  can  be  used  to  develop 
algorithms  to  control  the  system  if  sensors  and  sensing  methods  can 
be  improved  or  developed  to  suit  the  needs  of  such  a  data  intensive 
system.  The  next  step  in  the  automation  of  this  process  is  the 
linking  of  the  system  to  the  other  components  that  are  needed  in  the 
process,  a  coprecipitation  step  and  a  calcination/powdcr  production 
step. 
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Abstract:  Various  chemical  coprecipitation 
techniques  used  for  the  production  of  PLZT  2/55/45 
(La/Zr/Ti)  powders  were  investigated.  The 
coprecipitation  condition  corresponding  to  0.5  M 
oxalic  acid  at  a  titration  rate  of  24  cc/min  and  at  a 
temperature  of  210C  yielded  the  largest  surface 
area  calcined  powders,  hence  this  condition  was 
selected  as  the  optimum  in  regard  to  sinterability 
of  the  powders.  The  characteristics  of  the  PLZT 
2/55/45  powders  under  the  best  precipitation 
condition  were  observed  and  evaluated.  It  was 
found  by  means  of  FTIR  and  XRD  that  the 
perovskite  phase  formation  occurred  at  550°C  . 


Introduction 

There  has  been  great  interest  in  lead-based 
perovskite  ferroelectric  compounds  within  the 
(Pbi.x,Lajj)(Zry,Tii,y)^.jj/4  O3  system  owing  to 
their  distinct  electrooptic  properties  and  their 
utilization  for  transparent  ferroelectric  ceramics*- 
^  .  The  purpose  of  the  present  work  was  to  observe 
the  characteristics  of  PLZT  2/55/45  powders 
obtained  from  some  specific  precipitation 
conditions.  Before  selecting  the  final  precipitation 
condition,  some  important  factors  relating  to  the 
precipitation  process  were  selected  i.e.,  (1)  type,  (2) 
concentration,  (3)  rate  of  titration  and  (4) 
temperature  of  precursors.  These  coprecipitation 
conditions  were  then  screened  in  regard  to  the 
specific  s  irface  area  of  powders  obtained  from 
these  conditions.  Finally,  the  condition  for  the 
formation  of  PLZT  phase  was  investigated  by  heat 
treatment. 


Experimental  Procedure 
Selection  of  Experimental  Conditions 

The  system  of  the  experimental  design^  is 
given  as  in  Table  1. 


Table  1.  PLZT  Coprecipitatton  Conditions 


Type 

C 

K 

T 

R 

1 

0.35M 

ox 

21“C 

12  cc/min 

2 

0,35M 

amc 

stfic 

24  cc/min 

3 

0.50M 

ox 

21‘’C 

24  cc/rom 

4 

O.SOM 

amc 

50^ 

12  cc/mm 

5 

0.65M 

ox 

50'^: 

12  cc/mm 

6 

0.65M 

amc 

21“C 

24  Cc/min 

7 

O.WOM 

ox 

24  cc/min 

8 

0,80M 

amc 

2I“C 

12  cc/min 

C;  Concentration  (unit.  \ 

olantvi 

T;  Temperature  of  precursors 

R:  Rate  of  titration  of  precipitatinp  ajrcnt 

K:  Kind  nf  precipitating  agents. 

(for  hrevitv.  ok  oxalic  acid  sr<lutiorj  .  amc  iNH^  >2^03^^^,; 


Powder  Preparatian 

The  starting  precursor  chemicals  used  in 
this  study  were  lanthanum  acetate  (LaAc), 
zirconium  acetate  (ZrAc),  lead  subacetate 
(PbsubAc)  and  Titanium  acetylacetonate  (Tiacac) 
The  oxide  content  (wt%)  of  each  precursor  and  the 
stoichiometric  batch  proportions  are  given  in 
Table  2. 

The  flowchart  representation  for  the  overall 
preparation  process  is  shown  in  Figure  1. 


Table  2  Prectifw.r  and  Batch  Weight  FnipoTtionb  for  PLZT  2.*S>V4f> 


3xide 

RiO 

La203 

Zt<.)2 

T1O2 

nule  ratio 

OQb 

OOi 

O.S47 

0  44^ 

f*recur»or 

oxide  wt  ^  ■ 

TS6 

6  7h 

22-61 

‘^recuraor 

PbsubAf 

LaAc 

ZrAc 

Tiaca'. 

iatch 

<0  0307  mole 

^atch  weight 

h.53Ti; 

1 4:4p 

9  l44e 

f.  T4Ji- 

Powder  Production 


Type.  ■!  Coprecipitation  Process  The 
conditions  for  this  process  were  C=0.36M,  K=ox., 
T=21°C,  and  R=!l2  cc/min.  A  clear  solution  of 
9.305  g  ZrAc,  1.474  g  LaAc,  6.970  g  Tiacac  and 
8.536  g  PbsubAc  was  prepared  in  75  ml  of 
methanol  .  The  solution  was  titrated  at  the  rate  of 
12  ml/min  with  100  ml  0.35M  oxalic  acid  solution 
under  constant  stirring  and  a  constant 
temperature  of  T=21°C  by  means  of  a  water  bath. 
The  precipitate  suspension  was  stirred  for  5 
additional  minutes  after  the  titration  was 
completed.  Then,  '.he  entire  precipitate 
suspension  was  poured  into  a  stainless  pan  and 
was  dried  in  an  oven  at  70^0.  The  dried  powder 
was  calcined  for  7  hours  in  air  at  550°C.  The 
specific  surface  area  of  the  powders  obtained  above 
was  measured  using  the  BET  multi  point  method 
(Model:  Micromeritics,  Gemini  2360). 

Types  2-8  Coprecipitation  Processes  The 
conditions  were  the  same  as  Type  1  except 
concentration,  kind,  temperature  and  rate  were 
changed  according  to  Table  1. 

Direct  Pyrolyzation  Process  The  conditions 
were  the  same  as  that  of  Type  1  except  no 
precipitating  agent  was  involved. 

Spray  Pvrolvsis  Process  The  conditions  were 
the  same  as  Type  3.  After  titration,  drying  was 
performed  by  spraying  the  colloidal  precipitate 
suspension  into  a  tube  furnace  at  450OC.  The 
powders  were  collected  at  the  exit  of  the  furnace. 
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Characterization  of  PLZT  2/55/45  Powdera 

Five  samples  obtained  from  the  optimum 
coprecipitation  condition  Type  3  were  processed 
separately  with  five  different  heat  treatment 
conditions:  (1)  220“C/2  hrs,  (2)  400«C/4  hrs,  (3) 
500“C/7  hrs,  (4)  550OC/4  hrs  and  (5)  550OC/7  hrs. 
The  properties  of  the  PLZT  powders  were 
measured  using  FTIR  (Perkin-Elemer  1600  on 
KBr  pellet  absorbance  mode),  X-ray  diffraction 
(Scintag  XDS  2000,  Cu  Ka-radiation)  and  electron 
microscopy  SEM  (  JEOL,  JSM-848). 

Results  and  Discussion 
Selection  of  the  best  coprecipitation  condition 

The  Type  3  coprecipitation  condition  was 
evaluated  as  the  best  condition  in  regard  to  the 
results  of  the  specific  surface  area  as  shown  in 
Table  3. 

In  Table  3,  it  was  noted  that  the  low  surface 
area  of  uncalcined  powders  in  Types  2,  4,  and  6 
resulted  from  aggregation  of  powders  during 
degasing  (200°C/2  hrs)  in  the  BET  test,  while  the 
low  surface  areas  of  uncalcined  powders  in  Types 
7  and  8  were  mainly  due  to  supersaturation.  Also, 
as  shown  in  Table  4,  it  indicates  that  a  higher 
titration  rate  (comparison  between  Types  1  and  3 
in  oxalates)  enhances  larger  number  of  nuclei  of  a 
new  phase  as  well  as  more  lapid  precipitation**. 
This  results  in  finer  particles  with  higher  surface 
area  in  both  uncalcined  and  calcined  powders. 
The  effect  of  temperature  as  shown  in  Table  5 


Tjcu  i  Surrse*  Ar»*  it  T'  ZT 


(!aicira>l  •  T  Hr*.  . . . . — , 

|: 

•>T 

I-’ 

;  65 

434 

;*i  31 

.  i& 

ir  .1 

1  4S 

3  98  1 

;o.6o  1 

:  )2 

1 

.'04  - J 

tlTfct  Tiirtuun  Rata 

•n  Sijriaea  Arta  n  PLZT 

via  .iiaiai*  ortcipiia 

tion 

7  f 

.■:4ie!naa'5»0«r-:>in.  ...  ■  - 

40 

.348  - —  - 

Effacl  11  T^moaratur* 

in  i'jriaca  Araa  'I  PLZT 

'"a  i»a  ai«  Cf»ciC'ta 

■  nf4'  - -  -1 

r-"  ■  — 

't.nor 

-.5  O.ym-; 

.0  44  - - -  -  ■* 

EiTact  01  runo  ni  Pracipi'-ant  in  i'lrraea  Artt  M  PLZT  Paiaaan 

K,f>a 

'.'.loaicinao 

:os 


indicates  that  low  temperature  was  favorable  for 
forming  powders  with  higher  surface  area.  This 
was  interpreted  that  high  temperature  affects 
nucleation  and  hence  larger  particles  due  to 
growth.  The  effect  of  kind  of  precipitant  as  shown 
in  Table  6  indicates  that  oxalic  acid  was  a  better 
precipitant. 

As  shown  in  Figure  1  ,  the  various  processes 
involve  liquid  state  mixing  at  the  molecular  level. 
The  mixed  solutions  of  Pb,  La,  Zr,  and  Ti 
precursors  was  coprecipitated  as  the  oxalates  or 
carbonates.  The  selection  of  the  best 
coprecipitation  condition  was  based  on  the  largest 
specific  surface  area  of  the  resulting  PLZT  2/55/45 
powder.  It  was  found  that  the  conditions  of  Type  3 
coprecipitation  (i.e.,  0.5M  oxalic  acid  titrated  at  24 
cc/min  at  210C  )  were  optimum  for  producing 
submicron  PLZT  2/55/45  powders. 

The  FTIR  spectra  of  powders  prepared  under 
different  calcining  conditions  are  shown  in  Figure 
2.  The  spectra  show  reduction  in  the  absorbance 
peaks  at  -1700  cm'^,  which  is  due  to  C-0  vibration, 
as  the  calcination  temperature  and/or  time 
increased.  On  the  other  hand,  the  peak  at  -575 
cm'l  is  due  to  metal-oxygen  bond,  more 
specifically  ZrOg/TiOg  octahedra  vibrational  mode. 
The  increase  in  the  peak  size  as  the  degree  of 
calcination  increased  indicates  the  formation  of 
crystalline  PLZT  powder.  The  small  peaks  at 
-1600  -  1700  cm'l  are  believed  to  be  originated  from 
the  impurities  in  KBr  and  at  -1490  cm'^  from 
acetate  .  The  spectra  show  that  calcination  at 
550®C  for  4  hrs  is  nearly  sufficient  to  calcine  PLZT 
powder  for  the  given  coprecipitated  powders 
There  are  always  absorbance  peaks  around  2920 
cm'l  which  correspond  to  the  residual  carboxylic 
acid  functional  groups,  i.e.,  oxalic  acid. 

The  X-ray  diffraction  pattern  shown  in 
Figure  3  indicates  that  the  Type  3  coprecipitated 
PLZT  powder  is  a  mixed  phase  which  is  composed 
of  a  perovskite  PLZT  phase  and  lesser  pyrochlore 
phase  (29=27.93'’  only)  with  an  approximate  mean 
particle  size^-  ®  of  18  nm.  This  approximation  is  a 
calculated  value  based  on  the  Scherrer 
relationship  of  the  X-ray  diffraction  broadening. 
Improved  results  for  achieving  the  perovskite 
phase  were  obtained  by  spray  pyrolysis  as  shown 
in  Figure  4.  The  reason  is  that  spray  pyrolysis 
provides  a  looser  agglomeration  of  the  uncalcined 
powders  which  is  favorable  to  forming  a  better 
diffusivity  environment  for  the  gaseous  products 
during  thennal  decomposition. 

SEM  micrographs  in  Figures  5-6  show  the 
morphologies  of  the  submicron  particles. 
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Figure  1.  Flowchart  of  Copredpitation  Processes  for  PLZT  2^45  Powders. 
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Figure  5.  SEM  micrograph  of  Type  3 
uncalcined  PLZT  powder. 


Figure  6.  SEM  micrograph  of  Type  3 
calcined  (550OC/7  hrs)  PLZT  powder. 


There  were  totally  eight  coprecipitation 
processes  evaluated  in  the  production  of  PLZT 
powders.  The  oxalates  yielded  powders  with 
larger  specific  surface  areas  (mean  value  9.11 
m^/g  after  calcination)  than  that  of  the 
ammonium  carbonates  (mean  value  3.11  m^/g). 

Under  the  oxalate  conditions,  the  calcined 
powders  prepared  at  a  lower  temperature  of 
precursors  yielded  higher  specific  surface  area 
than  those  at  a  higher  temperature.  For  the  lower 
temperature  cases,  the  faster  titration  rate 
produced  calcined  pow'ders  with  higher  surface 
areas  than  that  at  the  slower  rate.  Single  phase 
perovskite  PLZT  powders  were  produced  by  using 
a  spray  pyrolysis  technique  for  preparing  the 
calcined  powders. 
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(■K\INM/I  i  I  I  I  (  IS  IN  It  \Kll  M  lll\N\ll 

K  a  ( iai. Iiigi.  U  Kuiiiai  ami  J  IXmglitTly 
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Maleiials  Reseiueh  laiKiiulory 
Peiiiisylviuiia  Stale  lliiivcisity 
Hiiiversily  Paik.,  PA  l6SI>’ 


A  list  t  ael 

(iiain  sue  eltcels  in  Ba  l  iOt  aie  cx;unined  as  a  lunttiim  ol  (xiiosily 
III  order  to  esaluale  the  etteel  ot  iiiieto  sirueliiially  iin|)oseil  stresses 
on  the  dielectric  behavior  l  ot  tins  investigation  hydrolliennal 
slarting  powdei  was  used  to  inininn/e  any  exltiuieous  ellecis  l  asi- 
liriog  lcclinii|ues  weie  siiccessluiiy  used  to  otuain  a  vaiielv  oi  grain 
sizes  and  densities,  ;ukI  the  data  were  evaluated  using  im  analysis  of 
the  (  iirie-Weiss  behavior  A  percolalion  linnt  lietween  48'}  and 
bO'f  ot  ibeoielical  ilensity  is  pioposed  below  which  iiisullicient  lliix 
coiitinuily  is  thought  to  limit  the  dielecti  ic  lespoiise  ot  the  ceramic 
Above  this  limit,  incieaserl  density  appears  to  increase  the  loom 
tenipeiature  diefect'ic  consiaiil  lor  grain  sizes  between 
approximately  O.b  pin  ;uid  2(1  pin 

I.  Iiilroduclioii 


obtained  from  Cabot  Corporation!  was  used  tor  wliicli  the  Btl 
sjieciftc  surface  area  was  nieasuicd  to  be  Id  ni-/g,  corresponding  to 
an  equivalent  spherical  diameter  of  a(ijiroxinialely  !(H)  nin.  I  tom 
S  E  M  micrographs  the  particle  size  was  found  to  be  1  “iO  niiC/. 
ffiim.  as  determined  by  a  count  of  over  KKI  particles  (the  data  so 
obtained  was  treated  as  a  Gaussian  distribution  and  the  slandaid 
deviation  is  quoted  as  the  contidence  liinils).  t  he  gram  sizes  were 
obtained  in  the  same  way  wherever  quoted  The  (2(K)!  (teaks  on  the 
as-received  (lowder  sliowed  no  splitting  suggesting  that  il  is  in  the 
cubic  phase,  though  peak -broadening  ellecis  at  such  small  sizes 
could  also  be  re(>onsible  for  this.  The  chemical  iuialysis  of  the 
(Xiwiler  revealed  im|iurilies  in  very  low  quantities  as  follows: 

AltOr  =  0.41'if  .  Caff  =  (I  49',?  and  Bs(ft.  FeyOt,  KyO,  MgO. 
NayO,  PyOs.  Si(fy.  Sn(fy,  SrOy  and  ZrOy  all  <  0  IKi'  r 


I  he  problem  ot  size  eltecl.-;  in  Ba  l  iOi  have  been  studied  since  the 
mid-  Id.'iO's  ;uhI  still  remain  largely  unresolvevi  These  effects  are  of 
various  types  including  (lailicle  si/e,  grain  size  ;uul  thin  film  effects, 
tlejiendiiig  on  the  nature  of  the  energetic  boundary  conditions  for  the 
given  system 

The  grain  size  etfecl  occurs  at  grain  diiunelei  of  apfiro.xiinately  I 
pm.  ;uid  is  especially  characterized  by  an  iuionialously  high  value  of 
the  dielectric  constant.  K.  at  room  tenqieraliire  Various  theories 
have  been  forwiu-ded  to  explain  this,  most  significant  of  which  ate 
the  inteniiil  sncsa  '  and  the  lUmiain  wall  -  models.  Tlie  fonner  stales 

that  the  absence  of  90“  domains  at  the  critical  grain  size  means  that 
;ut  unrelieved  stress  exists  in  the  grains  which  causes  the  high  values 

of  K.  llte  latter  slates  that  there  is  in  fact  ;ui  increase  in  the  domain 
wall  density  at  the  critical  grain  size  ;uid  that  this  results  in  ;ui 
increased  extrinsic  contribution  to  K. 

In  a  previous  pairer  the  authors  re|iorted  a  significant  difference  in 
the  dielectric  [irofierlies  for  two  samples  with  ap(iioxiniale  grain  size 
of  0  6  pm.  but  with  densities  ot  48'!f  and  60'T  of  iheoielicaP  This 
paper  seeks  to  study  the  effects  on  the  dielectric  pro[ierties  of 
varying  the  grain  size  for  constant,  non  zero  [xirosity  levels  and 
vice-versa. 

11.  FAperititeiilal  I’rocetliire 

llydrothernial  BaTiOr  [lOwder  (IIPCP  BPS.  lot  no.  .“iTlI-M. 


All  other  imciurities  were  present  in  quantities  less  than  0  (11 '4  llie 
Ba;Ti  ratio  was  approximately  0  99;  1 

2.  BritcessiiiL’  - 

Hie  (wwder  was  mixed  with  5  w’t'if  poly(pro(iyl  carbonate)  tyPAC 
40  obtained  from  Air  Products.  Allentown.  PA)  as  the  binder  and 
tlie  pellets  were  (ires.sed  utiiaxially  at  a  pressure  of  approximately  40 
(HK)  p.s.i.(280  MPa)  to  a  thickness  of  0  ."i  mm  in  a  Vj  "  (6.2.‘i  mm) 
die 

rite  fiellets  were  then  fast-fired-*  at  temperatures  between  l02.‘i“C 
;uid  1.4|M)“C  tuul  for  .soak-times  between  5  minutes  to  ,M)  minutes  by 
insertion  into  a  conventional  furnace  which  was  kept  at  the  requisite 
temperature.  Hiey  were  removed  after  the  desired  soak -time  had 
elapsed.  Some  of  the  pellets  were  subsequently  annealed  at  6(K)"C 
for  four  days  to  alleviate  any  thermal  stresses  that  may  have 
developed  despite  the  low  thennal  mass  ot  the  samples  Other 
samples  were  sintered  using  conventional  time-ienifierature  regimes. 

y  Dieleclric  Mea.sureinciils  - 

The  dielectric  constant  (K)  and  loss  (O)  weie  measured  while 
cooling  from  l.‘iO“C  to  -I20"C.  at  0.1.  1.  10.  40.100  kHz.  using  a 
4272  Hewlett-Packard  capacitance  bridge  interfaced  to  a  computer 
Tlie  cxHiling  rate  was  2“C  pier  minute.  An  alternating  voltage  of  I  V 
was  applied.  TIte  Curie  constant  and  C'urie- Weiss  temperature  (C 
and  To  respectively)  were  cidculated  from  the  dielectric  data  by- 
plotting  */k  versus  temperature  and  curve  fitting.  The  transition 
tem(>eratures  were  detemiined  by  plotting  '*’^4)1  versus  tempieralure. 
w  ith  the  ranges  quoted  being  detemiined  as  explained  below  . 


Cl  13080-0-7803  -0465  -9/92$3  .(X)  ©lEFI-: 
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I.  Mkrosiruclural  Uevelopniciil  - 

As  explained  in  the  inirnduction.  the  boundary  conditions  of  the 
system  are  very  influential  ui  determining  its  dielectric  behavior. 
This  is  the  reason  for  selecting  hydrothermal  powder  as  the  starting 
material  as  it  is  highly  crystalline  and  is  thought  to  possess  a 
relatively  pristine  surface,  unlike  calcined  or  milled  powders.  In 
addition,  the  narrow  size  di.stribution  results  in  a  narrow  grain  size 
distribution  which  is  essential  for  comparison  in  a  study  such  as 
this.  I'he  fact  that  the  Ba:Ti  ratio  is  slightly  below  1  caused 
exaggerated  grain  growth  and  the  resulting  bimodal  grain  size 
distribution  only  at  sintering  temperatures  above  approximately 
I 


As  expected,  fa.st-firing  at  high  temperatures  (though  <  I250"C) 
prrxiuced  high  densities  with  fine  grain  siz"  and  by  this  method  a 
variety  of  grain  sizes  and  densities  was  obtained  as  desired. 


2. 12itUMrii:..12ala- 

u »  Koom  reiiiperalure  K:-  Bottcher's  mixing  rules  were 
applied  to  the  dielectric  data  to  account  for  the  porosity,  which  in 
some  cases  was  as  high  as  Values  of  dielectric  constant 

measured  at  70"C  were  used  sittce,  in  many  case.s.  the  tetragonal  to 
oifluirhombic  phase  transition  temperature  (To-i)  fose  to  around 
room  temperature,  thereby  additionally  increasing  the  room 
temperature  value  of  K  as  has  been  observed  by  others--^'*  (.see 
.section  2.  b)). 


Figure  IB:  Curie  constant  vs  grain  size  tor 
various  densities  tor  tast-tlred  BaTi03 


48r«  dense  -  61%dense  ~  dense 

a  81%  dense  ■  90%  dense 


Figure  1C:  Curie-Weiss  temperature  vs  grain  size  tor 
various  densities  tor  tast-tired  BaTIOS 

48%  dense  -+-  63%  dense -4-81  %dense-  »- •  90%  dense 


While  for  the  samples  with  <75%  of  theoretical  density  the  K  values 
at  7()‘’C  appear  independent  of  grain  size  (figure  l  .A),  the  trend  for 
samples  with  higher  density  is  not  consistent.  The  Curie-Weiss 
analysis  for  these  samples  .shows  that  samples  with  very  low 
densities  -approximately  48%  dense-  have  Curie-con.stants  (figure 
l.B)  and  Curie-Weiss  temperatures  (figure  I.C)  significantly  lower 
than  they  are  for  the  more  dense  samples  .  This  is  believed  to  reflect 
the  existence  of  a  percolation  limit  between  48%  and  60%  density 
below  which  there  is  limited  continuity  of  the  electric  flux  lines 
during  the  application  of  the  field.  The  recorded  values  of  C  and  To 


densities  tor  test  tired  BaTi03 
-e-  48%  dense  -  +  -  63%  dense-  x — 75%  dense 
4  81%  dense  ■  90%  dense 


appear  to  generally  lie  within  the  ranges  of  0.5  -  2  5  E5  iuid  55  - 
I05°C  respectively.  The  Curie-Weiss  analysis  was  taken  as  a 
measure  of  any  deviation  from  classical  ferroelectric  behavior,  as  is 
seen  with  Maxwell-Wagner  microstructures  (see  section  2.c) 
below).  To  this  end.  an  arbitrarily  selected  range  of  acceptable  C 
values  was  imposed  between  1.3  and  1.8  E5  outside  of  which  the 
•lieicctric  data  was  assumed  to  be  suspicious.  These  limits  are 
shown  in  figures  IB.  2B,  and  3B. 


0.2  nm  +— 0.3nni-'X — 0.45  pm  4  0.6901  ■  0.829m 
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FIgurs  2B;  Curie  constant  vs  density  lor 
various  grain  sizes  lor  last  fired  BaTI03 


0.2nm  +  0.3 Mm  -  •!«  — 0.45 nm — a  — O.Siim  ■  0.82Mn< 


Figure  2C:  Curie-Weiss  temperature  vs  density  tor 
last  tired  BaTI03 

-•-02nm  +  OSum  K  0.45  pm  -  4  ••  0.6  pm —■  -0.81  pm 

Figure  3  .show.s  .similar  plots  for  samples  which  were  aiuiealed  after 
fast-firing.  Here  the  same  percolation  limit  is  observed  though  only 
a  limited  number  of  density  ranges  was  examined.  However  for 
densities  above  82%  of  theoretical,  i.e.  well  above  the  proposed 
percolation  limit,  there  is  a  higher  degree  of  consistency  in  the 
trends  ob.served.  K  is  observed  to  indeed  be  a  function  of  grain  size 
at  each  of  the  fixed  densities,  initially  increasing  to  a  maximum  at 
about  I  |im.  and  then  dropping  for  the  very  large  grain  sizes  (9()% 
dense  range  of  samples  -  figure  3. A).  The  Curie  constant  (figure  3. 
B)  is  al.so  seen  to  lie  within  the  selected  limits,  with  the  exception  of 
one  value  at  8(1%  of  theoretical  density.  What  is  expected  bur  not 


Log  Grain  Size  (pm) 

Figure  3A:  K  at  70  C  vs  grain  size  tor  various 
densities  for  last  fired  and  annealed  BaTi03 


48% dense  -+-  80%dense  -  ■—90% dense 


Log  Gram  Size  (urn) 

Figure  3B:  Curie  constant  vs  grain  size  tor  various 
densities  for  last  tired  and  annealed  BaTi03 

o  48%  dense  +  80%  dense  ■  90%  dense 


Figure  3C:  Curle-Weiss  temperature  vs  grain  size  lor 
various  densities  for  last  tired  and  annealed  BaTI03 

-»•  48%  dense  +  82%  dense  —  . « —  90%dense 

seen  is  geneially  higher  values  of  K  for  the  siunples  which  arc  on 

average  dense,  than  those  iJtal  axe  about  8(1%  dense,  assuming 

greater  .stress  results  at  higher  densities.  Unfortunately  the  lack  of 
more  data  points  meant  that  these  rather  close  density  values  could 
not  be  compared  with  others 

hi  Shift  of  I  runsilitni  I  eiiiueraliires:-  A  second 
anomaly,  the  increase  in  the  orthorhombic  to  I  i  agonal  tran.silion 
temperature  (T„.|)  to  around  room  temperature, was  observed  (figure 
4).  as  has  been  reported  by  others-  "'-^.  An  increase  of  the 
rhombohedral  to  orthorhombic  transition  temperature  (Tr-ol  was  also 
seen,  although  the  transitions  became  very  diffuse  at  grain  sizes 
smaller  than  around  (1.3  pm. 

The  Curie  temperature  was  observed  to  decrease  gradually  as  a 
function  of  grain  size.  Tliis  appears  to  fit  in  well  with  the  internal 
stress  model  which  envisages  a  complex  stress  on  grains  which  has 
a  resultant  hydrostatic  nature,  therefore  suggesting  that  the  room 
temperature  tetragonal  phase  will  be  forced  back  to  the  cubic  phase. 
Such  trends  hai'e  been  observed  on  single  crystal  BaTiOi  subjected 
to  hydrostatic  pressure  by  Merz^  and  Samara**  in  separate  studies. 
However.  Merz^  observed  To.i  to  initially  decrease  as  hydrostatic 
pressure  increases,  and  eventually  increase  at  much  higher  levels  of 
stress  ( 1 .5(K)  atm)  than  can  be  exjiected  in  these  ceramics.  It  can  only 
be  concluded  therefore  that  actual  stress  system  on  the  grains  in 
these  ceramics  is  very  cotnplex. 
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Figure  4;  Transition  temperatures  as  a 
function  ot  grain  si2e 


Figure  5:  Porosity  and  (Tc  •  To)  vs  Grain  Size 
cl  (.'uric-Weiss  Anal\si.s:-  The  Curie-Weiss  equation  is 
given  as: 

K  =  C  /  (T  -  To) 

where  C  is  the  Curie  constant.  Tq  the  Curie-Weiss  temperature  and 
T  is  tlic  measuring  temperature  (the  independent  variable).  For 
samples  with  diffuse  pha.se  transitions,  the  relationship  was  plotted 
at  a  temperature  above  the  value  of  Tc  obtained  in  order  to  obtain  a 
linear  curve.  The  data  indicate  a  scatter  in  C  as  grain  size  decreases, 
with  a  more  definite  decrease  in  To.  especially  for  densities  below 
the  60%  mark.  The  difference  between  To  and  Tc  is  about  I0”C  for 
BaTi03.  which  is  characteristic  of  ferroelectrics  with  a  first  order 
phase  transition.  The  plots  of  the  log  of  the  grain  size  versus  Tc-To 
and  versus  poro.sity  were  found  to  coincide  closely  (figure  5).  Lines 
and  Glass  note  that  the  difference  (Tc-Tp)  decreases  with  increasing 
pressure^.  Figure  .'5  therefore  appears  to  support  the  theory  that 
increased  density  increases  the  stress  on  the  grains. 

Graham  et  al  examined  the  Curie-Weiss  behavior  of  BaTiOr  and 
reported  that  their  dielectric  dispersion  characteristics  reflected 
microstructural  inhomogeneity  of  the  Maxwell-Wagner  type  (  i.e. 
conducting  grains  with  insulating  grain  boundaries)  resulting  in 
room  temperature  and  maximum  dielectric  constants  of  1 5.()(X)  and 
50.000  respectively  in  some  of  their  samples'^*.  Such 


microstructures  may  be  the  result  of  defects  carried  over  from  the 
starting  powder  As  mentioned  earlier,  one  of  the  reasons  for 
selecting  hydrothermal  powder  for  this  work  was  to  avoid  such 
problems.  For  a  range  of  frequencies  between  100  Hz  and  100  kHz 

no  appreciable  change  in  the  values  of  C  and  To  for  the  aiuiealed 
samples  was  noticed  suggesting  that  conductivity  was  not  a  (actor  ui 

this  case 

iN.  Loiiclusions 


1 )  Room  temperature  K  seems  to  display  a  maximum  for  gram  size 
of  just  above  Ipm  below  which  it  drops  off,  for  samples  with 
densities  greater  than  approximately  60%  of  tlieoretical 

2)  The  data  suggests  the  existence  of  a  percolation  lunit  between  tlie 
densities  of  48%  and  60%  of  theoretical 

3)  Above  this  limit  there  appears  to  be  an  iiKrease  m  K  as  gram  size 
increases  while  holding  density  constant,  with  a  peak  at  about  I 
pm. 

4)  The  effect  of  density  as  a  variable  appears  to  be  less  influential  on 
the  dielectric  data  above  the  proposed  percolation  limit,  although  a 
more  thorough  statistical  analysis  would  be  desirable  to  confinn 
this 

5)  Tc  decreases  with  decreasing  grain  size,  while  T,^|  and  T,.o 
increase,  over  the  range  of  grain  sizes  examined. 

6)  Curie-Weiss  analysis  was  found  to  be  a  good  measure  of  the 
microstructures  obtained  by  fast-firing,  e  g.  under  conditions  that 
prevent  adequate  diffusional  processes  from  occurring,  anomalous 
Curie-Weiss  behavior  was  witnessed.  Annealing  for  temperature 
and  time  conditions  selected  so  as  to  avoid  grain  growth  (bOff’C  for 
four  days)  removed  the  anomalies. 
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ABSTRACT 

This  paper  investigates  the  concepts  of  structure, 
mechanism  and  characteristics  of  flexible  composite 
functional  film:  in  modem  materials  science  of  electronic 
composites.  It  also  studies  the  films'  basic  principles 
and  flexible  characteristic  features,  and  utilizes  the 
dispersion  model  in  2-phase  flexible  composite 
framework  to  effectively  explain  the  properties  of 
composite  piezo-  and  ferroelectirc  mechanism.  The 
theory  and  experiments  are  consistent. 

INTRODUCTION 

Electronic  materials,  components  and  devices  play  a 
leading  and  fundamental  role  in  new  high  technology 
development  in  modern  electronic  science.  In  particular, 
electronic  composite  functional  materials  and  their 
applications  are  one  of  the  important  directions  in  the 
worldwide  development  of  electronic  materials, 
components  and  devices  in  1990's.  The  wide  ranges  of 
characteristics  and  applications  of  electronic  composite 
functional  materials,  which  have  been  developed  from 
various  kinds  of  modern  electronic  functional  materials, 
originate  in  fact  from  diverse  composite  processes'. 
Table  1  summarizes  the  functional  composite  principles 
and  characteristic  types  of  modem  electronics. 

Table  1  Funciional  composite  pnnciples  of  modern  electroriics 
Principles  Characteristic  types 

composite  effects  summation  (independence,  union);  multiplication 
base  states  meiaUic  base,  ceramic  base;  polymer  base 

phase  states  two>phase;  multi-phase 

connectivity  types  1.  2  and  3-dimcnsionaI 

structural  properties  flcxiblencsi;  composite  class;  symmetry;  percolation 
functional  propcriici  dielectric,  sensitive,  transducing, elcclrct,  conductive. 

magnetic,  bioclectrical,  molecular  electrical* 


Recently,  electronic  flexible  composite  piezo-  and 
ferroelectric  films  have  brought  up  wide  research  interest 
and  been  a  focus  of  international  ferro-  and  piezoelectric 
study^.  Within  the  framework  of  "flexible  composite 
functional  films",  flexible  composite  piezo-  and 
ferroelectric  characteristics  signify  into  the  following 
ways; 


*  Tills  project  is  funded  by  the  National  Na.iiral  Science 
Fundation  of  China. 


(1 )  flexiblciiess  structure:  flexible  thin  film, 

(2)  ncxiblciicss  parameters:  low  C33,  low  density  p  and 
low  acoustic  inifiedance  Z,; 

(3)  flexibleness  functions;  flexibleness  strength, 
deformation  processing,  low  density  matching,  wide 
frec|uency  band  response,  sensitive  uansducing  of  weak 
signal, etc. 

The  author  studies  the  most  world-widely  typical 
ferroelectric  polymer  PVDF  and  PVDF-based  flexible 
composites  PVDF/BT,  PVDF/PZT,  PVDF/PCM,  etc., 
as  well  as  other  kinds  of  flexible  composite  piezo-  and 
feiToelectric  films  of  different  organic  /inorganic 
sysiems.  They  contain  remarkable  techiiologic.il  and 
scientific  values  in  modern  electronic  sensitivity,  energy 
transducing,  electret,  and  electrical  power  areas^'^. 

EXPERIMENTAL 

1 .  Preparation  of  Flexible  Composite  Thin  Films 

Analysis  shows  that  whether  a  2-pliase  composite  film  is 
structurally  stiff  or  flexible  depends  mainly  on  base  state 
and  connectivity  type  of  the  composite  system. 
Obviously,  composites  with  metallic  and  ceramic  bases 
are  stiff  while  composites  witli  polymer  base  may  be 
llexible.  On  the  other  hand,  the  connectivity  type  is  also 
crucial  for  2-phase  composite  systems.  According  to  the 
classification  scheme  by  R.E.  Newnliam  of  The 
Pennsylvania  State  University  of  the  U.S.*,  but  using 
polymer  base  categorization  (polymer/ceramic,  i.e.  P/C 
composite  categorization)  instead  of  using  ceramic  base 
categorization  (ceramic/polymer,  i.e.  C/P  composite 
categorization),  we  may  have  the  following  results.  As 
polymer  (P)  phase  exhibits  flexibleness  while  ceramic 
(C)  phase  exhibits  stiffness,  all  P/C  composite  systems 
can  be  primarily  classified  into  three  types  by  2-phase 
connectivity: 

(1)  flexible  composite  (F  type),  i.e.  all  those  with  zero 
dimension  of  stiff  ceramic  phase,  for  example,  3-0,  2-0, 

1- 0  and  0-0  types; 

(2)  stiff  composite  (S  type),  i.e.  all  those  with  three 
dimensional  stiff  ceramic  phase,  for  example,  0-3,  1-3, 

2- 3,  3-3  types; 

(3)  semi-stiff-semi-flexible  composite  (SF  type),  i.e.  all 
those  with  flexible  polymer  phase  and  ceramic  phase 
taking  one  or  two  dimension,  for  example,  1-1,  1-2,  2-1 
and  2-2  types.  Fig.  1  shows  the  flexible,  stiff  and  semi- 
ncxiblc-semi-siiff  connectivity  types  of  the  P/C  2-phasc 
composite  systems. 
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Fig.  1  Connectivity  types  of  P/C  2-phase  composite 
systems 

Therefore,  the  flexible  composite  films  for  experimental 
samples  adopt  electronic  polymer  PVDF-based  resin 
(SOLEF  1008,  Germany;  C.SFP,  China)  and 
ferroelectric  ceramics  PZT,  PCM  (puratronic. 
Philips,  China)  clusters  (50-80%  wt),  in  the  form  of  3-0 
type  2-phase  flexible  composite  system,  to  prepare 
50-200  pm  thin  films  of  PVDF/BT,  PZT  and  PCM,  etc. 
by  the  solution  flow  extension  method.  Such  composite 
film  technique  and  structure  provide  valuable  implication 
for  industrial  manufacturing  and  applications. 

2.  Piezo-  and  Ferroelectric  Treatment 

Experiments  show  that  the  keys  of  composite  piezo-  and 
ferroelectric  functional  film  technique  lie  in:  (1) 
composite  film  itself;  (2)  piezo-  and  ferroelectric 
treatment,  (3)  energy  transducing  structure.  After  the 
requirements  of  flexible  composite  proportion, 
prescription,  cluster  size  and  shape,  and  uniform  film 
formation  are  all  satisfied,  the  piezo-  and  ferroelectric 
polarization  and  appropriate  treatment  become  the  critical 
determining  factors  for  composite  piezo-  and  ferroelectric 
properties*. 

In  the  piezo-  and  ferroelectric  treatment  of  this  study,  the 
experiments  focus  on  improvement  in  the  following  two 
approaches: 

(1)  polarization  method:  thermal  polarization,  discharge 
polarization,  and  polarizations  aided  by  low-frequency 
impulse  or  laser, 

(2)  polarization  condition:  polarization  field  strength  Ep, 
temperature  Tp,  time  tp,  pattern  Pp  and  processing 
techniques.  All  these  factors  help  to  control  composite 
piezo-  and  ferroelectric  micro-domain  and  polarization 
structure. 

3.  Characteristics  of  Composite  Piezo-  and  Ferroelectric 
Properties 

Research  shows  that  P/C  2-phase  flexible  composite 
functional  film  systems  have  a  distinguishable 
characteristic  of  combining  mechanical  flexibleness  and 
comprehensive  piezo-  and  ferroelectric  properties.  Such 
composite  functional  properties  can  be  represented  by; 

(1)  mechanical  flexibleness  (C33,  p,  Z,); 

(2)  flexible  composite  functions: 

A.  composite  dielectric  (e^,  tgS^;); 

B.  composite  piezoelectric  (d33,  g33); 

C.  composite  pyroelectric  (PJ; 

D.  composite  ferroelectric  (P„  E^,  Tc); 

E.  composite  coupling  (K33),  sensitive  responsive  (V,). 


Due  to  the  similarity  between  polymer-based  flexible 
composite  films  and  flexible  polymer  films,  the  former's 
piezo-  and  ferroelectric  resonance  is  much  weaker  than 
that  of  inorganic  crystals  and  ceramics.  Hence  the 
flexible  composite  piezo-  and  ferroelectric  characteristic 
parameters  may  be  characterized  by  two  approaches; 
direct  lest  method  and  indirect  calculation  method.  Some 
calculational  equations  of  2-phase  flexible  composite 
coupling  parameters  have  been  derived  in  this  research 
and  are  given  as  follows: 

11)  stiffness  constant 

1  -  ^(2O0)Ci3 

(  3  +  2p  )C^3  ^  2(  1  -  0  .)C^3  ” 


where  C33',  C33-  are  the  stiffness  constants  of  phase  1 
and  II  respectively,  and  0  is  tlie  volume  percentage 
proportion  of  phase  II. 

(2)  acoustic  impedance 

Z,  =  p(C33/p)>/2  (2) 

where  p  is  the  composite  volume  density,  and  C33  is  the 
composite  stiffness  constant. 

(3)  electromechanical  coupling  factor 

K33  =(  C33 /£«£,)' (3) 

where  e,  is  the  composite  relative  dielectric  constant,  and 
d3  ,  is  the  composite  piezoelccuic  strain  constant. 

RESUl  IS  AND  DISCUSSIONS 

1 .  t-lexible  Composite  Piezo  and  Ferroelectric  Properties 

Under  the  conditions  of  meeting  the  key  technical 
retjuirements  for  film  fonnation,  treatment  and  structure, 
the  P/C  flexible  composite  films  in  this  study  achieve 
high  levels  of  comprehensive  piezo-  and  ferroelectric 
propenies.  As  illustrated  in  Table  2,  the  2-phase 
composites  possess  a  feature  of  summation  of  the  two 
single  phasesT 


Table  2  Flexible  composite  pie^o-  ind  fi.i>i>clcctnc  properocs 


Films  p 
(KPKVm* 

C33  ei 

IO*N/m> 

d33  g33  Za 

PC/N  iO  ’Vm/N  lO^Kg/u 

K33 

1=3  % 

Pr 

Ec 

MV/m 

Tc 

■Cl 

PVDF 

1.78 

2.5 

13 

12  113 

2.1 

5.6 

0.1 

46 

165 

PZT 

7.8 

36 

1300 

200  16.5 

16.7 

34 

22.5 

1.35 

180 

PVDF 

5.6 

8.8 

85 

50  66.5 

6.6 

17 

3.8 

13 

180 

/PZT 

3-6 

8-9 

4D-85 

30-50  48-85 

6-7 

10-17 

2-8 

10-15 

180-220 

A  large  experimental  data  set  shows  that  the  PVDF  film's 
piezo-  and  ferroelectric  properties  depend  on  film 
formation  conditions,  thin  film's  one-way  or  two-way 
extension  and  the  extension  ratio  (generally  S  3-5) ,  and 
piezo-  and  ferroelectric  polarization  treatment  conditions 
and  techniques. 


497 


In  particular,  the  causal  factor  for  piezo-  and  ferroelectric 
micro  structure  still  lies  in  the  transformation  of  a  crystal 
type  into  B  crystal  type  and  the  orientation  effect  of  C-F 
pohuized  dipole  moment  in  PVDF.  Single  phased  PVDF 

films  have  excellent  mechanical  flexibleness  (p,C33), 
absorption  piezoelectricity  (g33)  and  water  media 
biological  coupling  property  (Z,).  However,  the  weak 
piezo-  and  ferroelectric  domain  effect  determines  “heir 
unsatisfactory  emission  piezoelectricity  (d33),  eleciTo- 
mechanical  coupling  (k33)  and  ferroelectric  storage 
property  (P,). 

In  contrast,  the  ferroelectric  ceramics  PZT,  when 
meeting  the  2-phase  system's  ferroelectric  domain 
structure  and  polarization  treatment  conditions,  based  on 
its  ferroelectric  spontaneous  polarization  domain 
mechanism,  provides  strong  piezoelectricity  d33, 
coupling  k33  and  ferroelectricity  Pr  and  Ej.,  except  for 
that  the  mechanical  stiffness  and  high  acoustic  impedance 
limit  a  wide  application  in  water  media  coupling  and 
sensitive  transducer  testing. 


The  3-0  type  2-phase  flexible  composite  P/C  system, 
based  on  the  composite  functional  summation  principle, 
has  achieved  the  overall  composite  goal  of  combining 
high  piezo-  and  ferroelectric  properties.  Compared  with 
stiff  composites,  flexible  composites  excel  in  .  the 
improved  piezo-  and  ferroelectric  properties  in  addition 
to  a  focus  of  mechanical  flexibleness  strength,  low 
density  match  coupling,  and  sensitivity  transducing 
property.  Our  experimental  tests  show  that  the  P/C 
flexible  composite  system  has  remarkably  excellent 
composite  dielectric  properties  (e'~T’C  relation  in  Fig.  2 

and  e"~T*C  in  Fig.  3),  composite  piezoelectric  property 
(d33~Ep  in  Fig.  4),  composite  ferroelectric  properties 
(Pr~Ep  in  Fig.  5,  ferroelectric  hysteresis  loop  in  Fig.  6: 
a.PVDF,  b.PZT,  c.PVDF/PZT). 
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Fig.  4  d33~Ep  relation  Fig.  .“i  P,~Ep  relation 


a  PVDF 


h  PZT 


c  PVDF/PZT 

Fig.  6  Ferroelectric  hysteresis  loops 

2.  Flexible  Composite  Dispersion  Model 

Many  micro-structural  analyses  (metallic  phase  MG, 
scanning  electronic  microscopy  SEM,  infrared  ray  IR) 
show  that  the  P/C  flexible  composite  3-0  type  2-phase 
system  (phase  1  polymer,  phase  II  ceramic)  is  a 
composite  structural  system  with  phase  II  clusters 
distributed  highly  uniformly  in  phase  1  base. 
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Fig.  7  Flexible  composite  dispersion  model 


Based  on  the  2-phase  flexible  composite  structural 
characteristics  and  composite  piezo-  and  ferroelectric 
effect  principles,  the  author  proposes  a  concept  of 
flexible  composite  "dispersion  model"'.  The  model 
describes  the  polymer-based  3-0  type  flexible  composite 
film  as  a  2-phase  dispersive  composite  system  with 
series  connection  and  parallel  connection  uniformly 
distributed,  as  illustrated  in  Fig.  7.  This  model  gives  the 
system  of  equations  for  the  dispersive  composite  with  a 
certain  proportion  of  series  connection  and  parallel 
connection; 

f  D  =  (  I  -5)D, +  5D2 


In  the  meantime,  the  ferroelectric  characteristic  frequency 
spectrum  and  field  strength  spectrum  of  flexible 
composite  films  show  that  all  ferroelectric  response 
curves  exhibit  a  composite  characteristic  tendency 
towards  the  flexible  phase  relative  to  the  single  stiff 
phase  (ceramic)  and  single  flexible  phase  (polymer). 
This  is  typical  "fiexible  composite  effect"®. 


,  F  =  (  1  -  (p  )  E|  +  (p  E2  (4) 

^  S  =  (  Ej-  -  Cl  )  /  (  E2  -  E|  ) 

(p  =  (e5;e2-E2e,)/(Ej;e2-EE, )  (5) 

Eh  =  f  ( Ip  ) 
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where  D  is  the  electrical  displacement,  E  is  the  field 
strength.  P  is  the  polarization  strength,  e  is  the  dielectric 

constant,  0  is  the  volume  percentage  of  phase  H,  and  a,<p 
are  composite  coefficients  of  series  connection  and 
parallel  connection. 

According  to  this  study's  2-phase  flexible  composite 
dispersion  model,  the  author  extends  the  1 -phase 
piezoelectric  composite  model  by  T.  Furukawa  et  al  of 
Japan’.  The  assumptions  for  adopting  the  dispersion 
model  are  as  follows: 

( 1 )  Two  phases  are  both  homogeneous. 

(2)  Two  phases  do  not  permeate  into  each  other  with 
defectless  interfaces. 

(3)  Phase  II  is  uniformly  distributed  as  sphere  in  phase  I. 

(4)  Two  phases  both  have  piezo/ferroelectric  properties. 


c.  _  +  £2  -  2  0  (  El  -  £2 ) 

*^1  £  j 

(6) 

2Ei  +  £2  +  0  (  Ej  -  t'2  ) 

di  =  (  1  -0)gLE,Ls,d,  +  0  ^LE,Ls,d2 

(7) 

(8) 

where  Ej,  £3;  Cj,  C2;  d,,  d2.  Pi,  P2  are  the 

relative 

dielectric  constants,  stiffness  constants,  piezoelectric 
strain  constants,  and  ferroelectric  residual  polarization 
strengths  of  phase  I  and  II  respectively. 

The  repeated  computer  aided  analysis  has  verified  that 
the  dispersion  model  in  this  study  is  consistent  with  the 
1-phase  composite  piezo-  and  ferroelectric  properties, 
and  is  also  applicable  to  the  2-phase  piezo-  and 
ferroelectric  composites.  Therefore  the  dispersion  model 
extends  the  T.  Furukawa  model. 


li)  organic  heterogenous  deformation  phase;  B  crystal 
type  of  flexible  polymer  PVDF  molecular  chain  and  the 
oriented  ordering  of  C-F  bond  dipole  moment.  This  is  a 
"tlexible  composite  ferroelectric  ordered  domain"  effect'. 


Fig.  8  3-0  type  2-phase  composiie  X-ray  diffraction 
graphs 

CONCLUSION 

The  3-0  type  flexible  composite  piezo-  and 
ferroelectric  thin  films  of  polymer  base  PVDF  and 
ferroelectric  ceramic  series  PZT,  namely  PVDF/P2T 
series,  possess  remarkable  properties  of  low  C33 
mechanical  fiexibleness,  high  synthesized  composite 

dielectric  ej;,  good  piezoelectric  d33  and  g33,  ferroelectric 
Pj^  and  low  Z,  coupled  matching  features. 


3.  Piezo-  and  Ferroelectric  Mechanism  of  Flexible 
Composites 

Our  micro-mechanism  study  shows  that  the  piezo-  and 
ferroelectric  mechanism  of  P/C  flexible  composites  may 
originate  from  three  sources: 

(1)  heterogenous  deformation  of  the  composite  film, 

(2)  dipole  moment  change  of  the  composite  phase, 

(3)  space  charge  effect  in  the  composite  system’ -'2. 

From  a  comparative  study  of  the  X-ray  diffraction 
analysis  on  single-phased  P  .  JF,  single-phased  PZT  and 
3-0  type  two-phase  PVDF/PZT  composite  system,  ii 
shown  in  Fig.  8: 

(1)  Around  20  =  44*,  the  diffraction  peaks  (002)  and 
(200)  reflecting  the  PZT  ferroelectric  domain  have  a 
reversed  strength  change  before  and  after  polarization. 

(2)  Around  20  =  21',  the  change  of  the  two  diffraction 
peak  values  before  and  after  polarization  may  cotrespond 
to  the  transformation  of  two  phases  of  PVDF  and  PZ3 . 

Therefore  if  the  piezo-  and  ferroelectric  treatment  ensures 
adequate  technical  conditions,  the  3-0  type  2-phase 
flexible  composite  system  in  this  study  will  obtain  its 
comprehensive  functional  mechanism  from  the  following 
two  sources: 

( 1 )  inorganic  ferroelectric  phase:  spontaneously  polarized 
ferro  domain  of  stiff  ceramic  FZT  etc.. 


The  3-0  type  2-phased  flexible  composite  functional 
structure  exhibits  an  oriented  addition  of  the  stiff 
ferroelectric  domain  and  the  flexible  heterogenous 
deformed  dipole  moment,  namely  "flexible  composite 
ferroelectric  ordered  domain"  effect. 
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ABSTRACT 


Lanthanam  nodlfled 

PZT  ceramics 

are 

widely 

used 

for  device 

applications- 

The 

ef  f  ect 

of 

Ni  obluni 

doping  on 

the 

niicrostructure,  hysteresis  and  piezoelectric 
properties  of  PLZT  (5/65/35)  ceramics  is 
described.  Saturation  polarisation  is 
obtained  in  the  0.5  mole  %  Nb  added 
coniposl  1 1  on .  Niobium  doping  inhibits  the 
grain  growth.  Room  temperature  dielectric 
constant  Increased  and  the  ferrolectrlc 
Curie  tenperature  decreased  vjith  Nb  content. 
Optimum  piezoelectric  coefficients  are 
obtained  in  the  0.5  mole  %  Nb  added  ceramic 
coDiposltion  . 


INTRODUCTION 

Amcng  the  perovsklte  compounds.  Lead 
Zlrccnate  Titanate  (PZT)  is  extensively  used 
for  device  applications  (1).  The  properties 
of  thfise  materials  are  Influenced  by  the 
airiount  and  type  of  substitutions. 
Ferroelectric  and  piezoelectric  properties 
of  PZT  are  enhanced  when  doped  with  Nb ,  as 
reported  by  several  authors  (2-A).  Also  la 
modified  PZT  (PLZT)  ceramics  are  widely  used 
(5)  for  applications  such  as  high  frequency 
filters,  surface  acoustic  devices  etc, 
requiring  high  rclalblllty.  It  would  be 
interesting  to  study  the  effect  of  Nb 
substitutions  in  PLZT  ceramics.  In  this 
work,  we  report  the  nd crest lucture , 
ferroelectric  and  piezoelectric  properties 
of  Nb  doped  PLZT  (5/65/35).  The  conposltlon 
PLZT  (5/65/35)  was  chooser  as  the  ceran'lcs 
in  the  rhombohedral  phase  exhibit  (6)  higher 
polarisation  and  piezoelectric  properties. 


EXPERIKENTAL  PROCEDURE 


Material  preparation: 


PbO  volatallzes  at  higher  t eriripe re  tu r es 
leading  to  deflclancy  of  Pb  in  the  final 
composition.  To  avoid  Pb  lo.ss,  a  carefully 


calculated  excess  an^ount  of  (  5wt  *)  of  PbO 
Is  added  to  the  base  composition.  Using  the 
conventional  method  of  oxide  sintering  the 
following  ceramic  conposi 1 1  on s  were  prepared 
and  studied. 


^*^0.95^®0.05^^*'0. 65^^0.35^0. 9875  -  1.25x**^x°3 


where  x  =  0,  0.005,  0.010  and  C.015. 

The  constituent  neterlals,  after 
grinding  and  hon  og enl  si ng  ,  were  calcined  Ir. 
alumina  crucibles  at  960^C  for  3  hrs.  The 
calcined  slug  was  again  ground  and  PVA  binder 
was  added  to  facilitate  pressing  into 
pellets.  4  to  5  pellets  of  each  con.posl 1 1  on 
were  stacked  on  alumina  foil  surrounded  by 
cocuse  powder  of  the  sarne  mipositlon  and 
closed  v<ith  an  alumina  ciuciole.  Then  the 
sintering  of  the  pellets  was  carried  out  at 
1225-1260®C  for  4  hrs  and  the  furnace  is 
allowed  to  cool  slowly. 

Fired  cn  liver  paint  was  applied  to  the 
polished  surfaces  of  thf'  sintered  pellets  and 
fired  at  500°C  for  J  hr. 

Poling :  For  plezolectrlc  mea su i  eT  ent s  and 

hysteresis  behaviour  the  pellets  were  poled 
by  the  method  of  Beldlng  and  f'claren  (7) 
using  fields  of  20  KV/cH'  at  elevated 
tenperatuies  in  silicon  oil. 

Dielectric  and  Piezoelectric  Measurements : 

The  dielectric  neasui  em  ent s  and  hence 
the  Curie  t  enipeia  tu  r  e  ,  were  perfoimied  at  3KFz 
using  the  KP  inpedenc-e  anlyjet  nod  el  43  92A. 
Piezoelectric  n'Oa  su  r  enien  t  s  viere  also  carried 
out  on  the  sapie  KF  model  i‘JS2A  by  the  r'Cthod 
of  resonance  -  anti  resonance  technique  (P). 
Plezolectrlc  coupling  coefficients  , 

djj  and  g„j  are  determined  f i  om  thesC’  dates. 

coefficient  Is  rj:easured  by  i..slng  the 
oo 

Berlin  court  d_,  meter. 

oo 

Grain  si ze  and  Hysteresis  Measurements : 

The  grain  si ; e  of  the  ceramic 
compositions  Is  determined  from  the  ?r,anr  ing 
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Electron  Micrographs  taken  on  the  as  fired 
surfaces  of  the  speclniens  using  the  Philips 
SEM  model  E20M.  A  modified  Sawyer  -  Tower 
circuit  (9)  Is  used  for  the  hysteresis 
measurements.  The  saturation  and  reirianent 
polarisations  and  coercive  field  are 
obtained  fron.  the  hysteresis  loops. 

RESULTS  AND  DISCOSSlOll 
Ceramic  ronposl  1 1  on  s  In  the  PLZT 
system  and  their  modifications  vdth  Nb 
exhibit  highly  unlforni  nil  cr  ost  ructure 
consisting  of  randomly  oriented  grains. 
The  SEM  photographs  of  Nb  doped  and  undoped 
PLZT  (5/65/35)  ceramics  Is  shown  In  Flg.l. 


Fig.  1  SEM  photographs  of  (a)  undoped  and 
(b)  Nb  doped  PLZT  ceramics. 

As  the  nlobluni  concentration  increases 
the  grain  size  decreases  indicating  that 
the  Nb  inhibits  grain  growth. 

The  polarisation  paranieters  depend 
strongly  on  the  grain  size  of  the  ceramic 


compos 

i  t  i  ons  . 

Th 

e 

behavl ou  r 

of 

the 

polar! 

sat i on 

parapic 

:s  with  Nb 

content  In 

PLZT 

(5/65/3 

5  )  c  omp  0 

isitlon  is 

shown  in 

Fig  .  2 . 

Saturation 

in 

the  hystei 

:  esl  s 

1  oops 

could 

h  s  Ob  s 

erved 

only  for  0.5 

nol  e 

56  Nb 

added 

0  omp  o  s 

1 1 1  on  , 

yielding  a 

satura 1 1  on 

pola  rl 

sa  1 1  on 

of 

42  . 

6  C/cm  . 

Optimum 

pi ezol 

ect  1 1 c 

coupling 

coef  f 1 cleni 

t  s  are 

also 

obtain 

ed  f  o 

r  th 

is 

c  omp  0  s 1 1 1 

on  , 

With 

Fig.  2.  Variation  of  P^,  P^  and  E^  with  Nb 
content  In  PLZT  ceramics. 

Increasing  Nb  concentration  the  remanent 
polarisation,  decreases  and  coercive 

field  F^  Increases.  Similar  effect  was 
observed  by  Nagata  (10)  in  undoped  PI.ZT 
ceramics.  Decrease  In  renanent  polarisation 
may  be  due  to  the  decrease  in  grain  size. 
The  decrease  In  P^^  may  alsci  be  due  to  the 
orientation  of  non  leo'"'  domains  in  these 
harder  compositions.  With  decreasing  grain 
size  l.e.  vdth  incrsaslng  Nb  content,  non 
180°  domain  rotation  decroeses  and  so  P 

s 

decreases,  os  observed. 

The  doping  of  PLZT  (5/6S/3E)  cerernics 
vflth  Nb  enhances  the  dielectric  and 
piezoelectric  properties.  Fig.  3  shows  the 
variation  of  dielectric  constant  with 
temperature  for  the  Nb  doped  PLZT 
comptisl  1 1  ons .  The  room'  tenperoture 

dielectric  constant  increase.'-.  v.itb  Nb 
content  while  the  Curie  tenpeiature 
decreases.  Effect  of  Nt  addition  in  PLZT 
(6/65/35)  ceramics  Is  that  Is  shows  e 
diffused  phase  transition  for  C.5  mole  ?!  Nb 
content  while  more  Nb  concentration  the 
phase:  transitions  beccn.es  sharper.  This 

Indicates  an  increase  in  the  ordering  of  the 
structure  viith  increasing  Nb  content. 

As  Klcblum  Is  introduced  into  the  E 
positions  of  the  PLZT  (6/65/35)  ceram>lc.s, 
the  coupling  factors  and  increase. 
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Fig.  3.  Variation  of  dielectric  constant 
with  teirperature  of  Nb  doped  PLZT 
cerenii  cs . 

But  as  the  Nb  content  is  increased, 

thickness  coupling  factor  decreases 

while  the  planar  coupling  factor 
decreases  upto  1  n'Ole  %  Nb  and  then 
increases.  The  variation  of  piezoelectric 
coupling  coefficients  is  shown  in  Fig. 
Niaxlnuini  piezoelectric  charge  coefficients, 
djj  of  134.5  pC/N  and  of  225  pC/N  are 

obtained  in  the  0.5  irole  X  Nb  doped 

conposltlcn ;  which  also  showed  saturation 
polarisation.  But  maxlmutu  piezoelectric 
voltage  coefficient  g^j  of  10.01  V-m/N  is 
obtained  in  the  1.5  mole  %  Nb  added 

coniposition .  Except  for  the  g^j 
coefficient  other  coupling  coefficients 
decrease  with  increasing  Nb  content.  It  is 
observed  that  the  doping  ions  concentrate 
near  the  grain  boundaries.  This  c^echanlsm 
y  effect  the  domain  wall  motion  in  Nb 
doped  PLZT  ceramics  toward  an  increase  in 
the  polarisation.  This  results  in  an 
increase  in  the  dielectric  and 
piezoelectric  properties,  as  observed. 
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Nb  content  'T'ole(y^)  — >- 


Fig.  4.  Variation  of  piezoelectric  properties 
with  Nb  content  in  PLZT  ceramics. 
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ELECTRICAL  DEGRADATION  PROCESS  AND  MECHANICAL  PERFORMANCE 
OF  PIEZOELECTRIC  CERAMICS  FOR  DIFFERENT  POLING  CONDITIONS 


Toshio  TANiMOTOand  Kiyoshi  Okazaki 

Department  of  Materials  Science  and  Ceramic  Technology 
Shonan  Institute  of  Technology 
Tsujido-Nishikaigan,  Fujisawa,  Kanagawa  251,  Japan 


Synopsis 

The  degradation  process  of  piezoelectric  properties 
under  fatigue  loading  and  mechanical  performance  for 
piezoelectric  ceramics  have  been  investigated  with  the 
special  emphases  on  the  effects  of  poling  conditions.  The 
materials  used  in  the  present  study  are  the  commercial 
piezoelectric  ceramics,  PbZrOs-PbTiOs  (PZT)  and 
BaTiOs.  Poling  conditions  for  PZT  samples  were  varied 
in  the  three  different  ways:  Polarization  was  basically 
conducted  by  applying  DC  field  on  the  samples  (Case  1). 
Then,  some  of  the  samples  were  kept  under  constant 
temperature  of  85°C  for  two  hours  as  an  aging  treatment 
(Case  2).  Moreover,  in  some  samples,  re-polarization  was 
performed  (Case  3).  For  BaTiOs,  DC  field  was  applied  on 
the  samples  at  the  temperature  above  a  Curie  point  in 
advance  to  the  ordinary  polarization  at  the  temperature 
below  the  Curie  point. 

First,  the  effect  of  applied  voltage  values  in  poling  on 
the  piezoelectric  constant  and  mechanical  fatigue  properties 
were  evaluated. 

Second,  the  discussion  is  made  on  the  degradation 
process  of  piezoelectric  coupling  constant  under  subjected 
to  repeated  compressive  fatigue  loading  and  static 
compressive  strength  properties  of  PZT  samples  which 
were  poled  in  the  three  different  poling  conditions  as 
explained  above. 

Third,  the  effect  of  application  of  DC  field  at  the 
temperature  above  a  Curie  point  on  the  BaTiOs  samples 
before  ordinary  poling  is  discussed  on  the  degradation 
process  of  piezoelectric  properties  under  fatigue  loading 
and  mechanical  strength  properties,  compressive  strength, 
compressive  modulus  and  so  on. 


1 .  St)ecimen  Preparation  and  Experimental  Method 

The  material  u.sed  in  the  present  study  is  the 
commercially  available  piezoelectric  ceramics,  PbZrOs- 
PbTi03  including  the  third  component  and  BaTiOs. 
Figure  1  shows  the  specimen  configurations.  Poling 
conditions  for  those  piezoelectric  ceramics  are  illustrated 
in  Figure  2.  Three  different  poling  conditions,  1)  general 
poling  (application  of  DC  field  at  the  temperature  below  a 
Curie  point  of  330°C),  2)  aging  treatment  85°C  for  two 
hours  after  poling  and  3)  re-poling  after  subsequent  aging 
treatment  for  the  poled  sample,  are  adopted  for  the  study 
on  PZT.  For  BaTiOs,  on  the  other  hand,  DC  field  were 
applied  at  the  temperature  above  a  Curie  point  of  128°C 
(hereinafter  referred  to  as  a  prior  treatment)  and  then  aged 
at  85°C  for  two  hours,  in  advance  to  ordinary  poling. 
Also  the  samples  poled  without  such  a  prior  treatment  were 
prepared  for  the  comparative  study.  The  specimen  was 
loaded  to  failure  at  cross-head  speed  of  3.5mm/min  in 
static  compression  test. 


(b)  BaTi0  3 


Fig.1  Compressive  test  specimens. 

PZT  BaTiOi 


(a)  Without  prior  treatment  (b)  With  pnor  treatment 


1  PotLii^  1 

Time  ;  10  min. 

'  Voltage  :  20  kV 
!  Oil  Temp.  :  lOO'C  ! 

1  P°lin£.  1  Prior  Treaimem 

1  Time  ;  10  min.  |  Time  ;  50  min  : 

1  '  Voltage  :  20  kV  Voltage  :  20  kV  i 

!  •  Oil  Temp.  :  85  *C  ;  ;  Oil  Temp.  ;  130  *C  [ 

1  t 

.Asinff  Treatment 

Agjng 

Time  :  120  min.  , 

1  ■  Time  :  120  min. 

Oil  Temp.  :  S5  *C 

Oil  Temp.  85  ’C 

1  < 

Re-Doline 

1  Poling 

1  Time  :  10  min. 

1  Time  :  10  min. 

i  Voltage  :  20  kV 

1  Voltage  :  20  kV 

1  Oil  Temp.  :  100 'C 

j  Oil  Temp.  ;  85  *C 

Fig. 2  Various  poling  conditions  for  PZT  and  BaTiOa. 


Fatigue  tests  were  conducted  under  axial  cyclic 
compression  at  a  frequency  of  30Hz  by  an  electro- 
hydraulic  fatigue  testing  machine.  The  stress  ratio  R  (= 
omin/omax)  is  fixed  to  a  constant  value  of  10  in  all  the 
fatigue  tests. 


2.  Experimental  Results  and  Discussion 

2.1  Comparison  of  Fatigue  Properties  for  PZT  and  BaTiOs 

The  basic  fatigue  S-N  diagrams  for  PZT  and  BaTiOs 
used  for  the  present  work  are  compared  in  Figure 3. 
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Polarization  for  these  samples  were  performed  by  a 
general  way  without  any  particular  treatment  such  as 
aging,  prior  treatment  and  re-poling,  which  was  shown  in 
Figure  2.  The  linear  approximation  between  the  maximum 
cyclic  stress  and  fatigue  life  is  drawn  by  a  solid  line.  As 
can  be  seen  in  the  figure,  the  poled  PZT  sample  exhibit  a 
better  fatigue  performance  in  comparison  to  the  poled 
Ba'nOi  sample. 


Fig. 3  Fatigue  S-N  diagrams. 


2.2  Electrical  Properties  and 

Mechanical  Performance  of  PZT 

The  effect  of  applied  voltage  value  in  poling  on  the 
piezoelectric  constant  and  mechanical  fatigue  properties 
were  examined  in  Figure  4.  Fatigue  resistance  appears  to 
increase  with  increasing  of  applied  voltage  in  poling, 
particularly  in  a  longer  life  region. 

Figures  compared  the  degradation  process  of 
piezoelectric  coupling  constant  under  subjected  to  repeated 
compressive  fatigue  loading  among  three  different  poling 
conditions  as  explained  in  Figure  2.  Aging  treatment  after 
poling  is  found  to  be  effective  in  suppressing  the 
degradation  of  piezoelectric  coupling  constant,  and  much 
remarkable  improvement  is  observed  when  the  sample  is 
re-poled  via.  aging  treatment  after  poling.  Re-poled  sample 
increases  not  only  the  piezoelectric  coupling  constant  K33, 
but  also  compressive  strength,  as  can  be  seen  in  Figures  6 
and  7.  As  a  result,  both  the  electrical  degradation  process 
and  mechanical  performance  of  the  PZT  samples  are 
appeared  to  be  the  most  favorite  when  the  poling  of 
samples  were  performed  by  the  third  poling  condition 
which  means  re-poling  via  aging  treatment  after  poling. 
We  believe  that  the.se  results  are  probably  brought  by  the 
.space -charge  effects  [1]  through  aging  treatment  below 
Curie  point.  Figure  8  schematically  illustrates  the  space 
charge  effects.  Important  points  of  the  space  charge  effects 
are;  1)  During  the  aging  process  of  poled  ceramics,  the 
internal  bias  field,  Ei,  gradually  generates  in  the  direction 
of  poling  field  and  the  residual  polarization  is  stabilized  by 
the  space-charge.  2)  It  is  supposed  that  re-poling  increases 
the  amount  of  space-charge  and  the  internal  bias  field. 
Space  charge  stabilized  effects  pay  an  important  role 
against  electrical  depolarization  and  stress  depolarization, 
and  thus  to  improve  mechanical  performance,  strength 
performance  and  fatigue  resistance  and  so  on. 


Fig.4  Effect  of  DC  voltage  in  poling  on 
the  fatigue  properties. 


Fig. 5  Change  of  piezoelectric  coupling  constant  with 
increasing  fatigue  cycles  under  a  fixed  cyclic  stress. 


Fig. 6  Comparison  of  piezoelectric  coupling  constant 
for  poled  PZT  and  re-poled  PZT  via.  aging  treatment 
after  poling. 


Fig. 7  Compression  strength  of  PZT  samples 
at  varying  the  poling  conditions. 
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Fig. 8  Schematic  explanation  tor  space-charge 
effects  and  internal  bias  field. 


2.?i  Electrical  Properties  and 

Mechanical  Performance  of  BaTiO.^ 

In  order  to  in\estigate  the  effect  ef  residna! 
polarization  produced  in  the  sample  on  the  mechanical 
performance,  axial  compressive  tests  were  conducted  both 
in  parallel  and  perpendicular  to  the  poling  directions  as 
shown  in  Figure  V.  Strain  gauges  were  mounted  on  the 
samples  in  the  two  directions,  parallel  and  transverse  to  the 
loading  directions.  'Fhus,  compressive  modulus  as  well  as 
compressive  strength  can  he  evaluated. 

As  previously  explained  in  Figure  2,  the  effect  of 
application  of  DC  field  at  the  temperature  above  a  Curie 
point  on  the  Ba  FiO.’  .samples  before  ordinary  poling  is  now 
discussed  here.  It  was  clarified  from  Figure  10  that  such  a 
prior  treatment  in  poling  increa.ses  piezoelectric  coupling 
constant  of  the  samples.  In  addition  to  this.  Figure  11 
suggests  that  the  prior  treatment  could  be  effectively 
working  to  su()press  the  degradation  of  piezoelectric 
properties  under  fatigue  loading.  Moreover,  it  should  be 
noted  from  Figures  12  and  1,1  that  this  treatment  improves 
the  mechanical  strength  properties;  compressive  strength 
and  compressive  modulus  . 

Figures  12  and  13  also  indicate  that  the  axial 
compressive  strength  and  compressive  modulus  in  parallel 
to  poling  direction  are  superior  if  compared  with  those  in 
perpendicular  to  poling  direction.  Figure  14  explains  the 
reason  for  this  result.  Residual  tensile  stress  produced  in 
the  sample  through  poling  treatment  probably  contributes 
to  the  difference  of  mechanical  performance.  It  is  quite 
reasonable  to  consider  that  the  residual  tensile  .stress 
occurred  in  parallel  and  opposite  directions  to  external 
load  increases  the  fracture  strength.  Figure  13  .suggests 
that  compressive  modulus  for  the  poled  sampic  is  lower 
than  that  for  the  non-poled  sample.  As  pointed  out  in  our 
previous  work  [2]-[41,  the  failure  mode  of  non-poled 
sample  in  compression  is  typical  transgranular  fracture, 
while  intergranular  fracture  is  mainly  observed  in  the 
poled  sample.  Fherefore.  grain  boundary  in  poled  .sample 
is  supposed  to  be  easy  to  slip,  resulting  in  the  lower 
compressive  modulus  in  comparison  to  that  in  non-poled 
sample. 


1}, 


(a)  Parallel  to  llie  ivilirig  dircclion 


(b)  Perpendicular  lo  Ihe  poling  direction 

Fig. 9  Measurements  of  compressive  strength 
properties. 
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Fig.  10  The  effect  of  a  prior  treatment  in  polarization 
on  the  piezoelectric  coupling  constant  of  BaTiOa. 
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Fig.  1 1  Change  of  piezoelectric  coupling  constant  with 
increasing  fatigue  cycles  under  a  fixed  cyclic  stress. 
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Fig.  1 2  Compressive  strength  of  BaTiOa  samples  at 
varying  the  poling  conditions. 
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Fig.  1 3  Compressive  modulus  of  BaTiOa  samples  at 
varying  the  poling  conditions. 
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3.  Conclusions 

Mechanical  and  electrical  properties  of  piezoelectric 
ceramics  have  been  investigated  in  the  present  paper  with 
the  special  emphases  on  the  effects  of  poling  conditions. 
The  materials  used  in  the  present  study  are  the  commercial 
piezoelectric  ceramics,  PbZr03-PhTi03  (PZT)  and 
BaTi03. 

This  inve.stigation  led  to  the  following  conclusions; 

1.  For  the  effect  of  applied  voltage  values  in  poling  on  the 
piezoelectric  constant  and  mechanical  fatigue  properties,  it 
was  revealed  that  fatigue  resistance  increases  with 
increasing  of  applied  voltage  in  poling. 

2.  The  electrical  degradation  process  and  mechanical 
performance  of  the  PZT  samples  are  appeared  to  be  the 
most  favorite  when  the  poling  of  .samples  were  performed 
by  the  third  poling  condition  which  means  re-poling  via 
aging  treatment  after  poling.  This  phenomenon  was 
explained  based  upon  space-charge  stabilizing  effects. 

3.  The  application  of  DC  field  at  the  temperature  above  a 
Curie  point  on  the  BaTiOs  samples  before  ordinary  poling 
is  very  effective  for  the  improvement  of  electrical  and 
mechanical  properties.  It  was  found  that  such  a  prior 
treatment  in  poling  increases  piezoelectric  coupling 


Fig.1 4  Schematic  explanation  for  the  direction  of 
residual  tensile  stress  occurred  due  to  residual 
polarization. 

constant  of  the  samples.  In  addition  to  this,  prior  treatment 
could  be  effectively  working  to  suppress  the  degradation  of 
piezoelectric  properties  under  fatigue  loading  and  also  to 
improve  mechanical  strength  properties,  compressive 
strength,  compre.ssive  modulus  and  so  on. 
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Abstract 

A  number  of  thermoplastic  polymers  and  elastomers 
are  evaluated  with  respect  to  their  use  in  0  3 
piezoceramic-polymer  composites.  Materials  were 
prepared  by  dispersing  50  vol%  of  pure  lead  titanate 
powder  within  various  polymer  matrices,  and 
characterised  by  measurement  of  electrical  resistivity, 
dielectric  and  piezoelectric  properties,  and  by  XRO.  It  is 
shown  that  composites  prepared  using  polypropylene  can 
be  poled  efficiently  and  exhibit  a  reasonable  piezoelectric 
response.  Further  work  on  thermoplastic  systems  is 
expected  to  yield  useful  materials  which  have  distinct 
advantages  over  conventional  thermosetting  systems  in 
terms  of  flexibility  in  processing. 

Introduction 

Composite  materials  have  long  been  utilised  as  a 
means  of  combining  different  materials  to  enhance 
particular  chemical,  electrical,  or  structural  properties.  One 
well-known  example  is  the  combination  of  piezoceramics 
and  polymers  to  overcome  the  limitations  imposed  by 
using  homogeneous,  single-phase  ceramics  alone.  For 
example,  PZT  exhibits  only  modest  hydrostatic 
piezoelectric  coefficients  due  to  a  relatively  high 
transverse  coupling* 


d,  =  d.,  -r-2d,. 

(1) 

and,  for  PZT, 

d,:  =  ~  d„ 

(2) 

In  addition,  the  relatively  high  physical  density  of 
ceramics  means  that  acoustic  coupling  into  air,  water,  or 
human  tissue  is  not  straightforward,  necessitating  the  use 
of  relatively  complex  transducer  design<21. 

Piezoceramic-polymer  composites  are  a  class  of 
materials  which  effectively  overcome  these  limitations  and 
hence  are  found  to  be  more  responsive  and  versatile 
materials*^'.  Such  composites  can  be  fabricated  by  several 
methods,  for  example  embedding  parallel  piezoelectric 
rods  of  ceramic  in  a  polymer  matrix,  producing  a  1-3  type 
composite*'*!,  or  by  the  'replamine'  process,  producing  a 
3-3  type  composite*^*.  Perhaps  the  most  attractive 
composite  from  the  point  of  view  of  ease  of  fabrication  is 
the  0-3  type,  comprising  discrete  ceramic  particles 
dispersed  within  a  polymer  matrix.  This  type  of  composite 
can  be  fabricated  in  a  wide  variety  of  forms,  for  example 
thin  sheets,  extruded  bars,  fibres,  and  moulded  shapes, 
and  has  the  ability  to  conform  to  curved  surfaces. 

For  0-3  type  composites,  it  has  often  been  found 
that  the  greatest  piezoelectric  sensitivity  is  attained  when 
the  ceramic  phase  possesses  high  intrinsic  hydrostatic 
coefficients.  For  example,  the  use  of  pure  or  modified  lead 
titanate  gives  substantial  improvements  over  PZT*®!. 

The  properties  of  the  polymer  phase  are  also 
important,  since  they  result  in  a  lower  density  (providing 


an  improved  acoustic  coupling  to  low-density  media)  and 
a  lower  dielectric  permittivity,  effectively  raising  the 
voltage  coefficient  and  the  figure  of  merit.  Examples  of 
polymer  systems  already  reported  are  chloroprene 
rubber*^!,  epoxies*®*,  polyurethanes*®!,  and  polyethylene 
acrylic  acid  copolymers**®!.  Thermoplastic  polymers  and 
elastomers  are  of  particular  interest  since,  together  with 
their  associated  processing  technology,  they  offer  a  high 
degree  of  flexibility  in  processing  and  the  possibility  of 
producing  tailored  composite  structures,  for  example 
particle-oriented  composites,  which  might  exhibit 
piezoelectric  coefficients  approaching  those  of  the  1-3 
type  composites. 

The  major  difficulty  in  the  use  of  common  non-polar 
thermoplastics  (such  as  polyethylene  and  polypropylene) 
and  elastomers  (such  as  natural  rubber)  in  0-3 
piezoceramic-polymer  composites  arises  in  the  poling 
process,  when  their  relatively  high  electrical  resistivities 
would  effectively  reduce  the  poling  field  which  could  be 
applied  to  the  ceramic  phase.  According  to  the  simple 
two-layer  model,  the  ratio  of  electric  fields  within  the  two 
phases  of  the  composite  is  equal  to  the  ratio  of  their 
resistivities  : 

E  /E^  =p  (3) 

where  E(.  =  electric  field  in  ceramic  phase; 

Ep  =  electric  field  in  polymeric  phase; 

Pc  =  resistivity  of  ceramic  phase; 
and  Pp  =  resistivity  of  polymeric  phase. 

if  the  polymeric  phase  has  a  higher  resistivity  (-lO'^Om) 
than  the  ceramic  phase  (-10®  Om)*®!  at  the  poling 
temperature,  then  only  a  small  fraction  of  the  applied 
electric  field  will  develop  within  the  ceramic  particles. 

The  present  study  was  carried  out  in  order  to 
assess  the  suitability  of  a  number  of  candidate 
thermoplastics  and  elastomers  for  use  in  0-3 
piezoceramic-polymer  composites,  with  particular 
emphasis  being  placed  on  electrical  resistivity  and  its 
variation  as  a  function  of  temperature.  Results  will  also  be 
presented  for  poling  experiments  carried  out  on  selected 
composites  and  V-l  measurements  which  reveal 
substantial  departures  from  linearity  in  certain  materials. 


Experimental  Procedure 

Pure  lead  titanate  powder  was  prepared  by 
conventional  solid  state  reaction  between  lead(ll)  oxide 
and  titanium  dioxide  (>99%,  Fluka  Chemicals  Ltd.).  The 
constituent  oxide  powders  were  mixed/milled  for  4  hours 
in  propan-2-ol  using  zirconia  grinding  media,  calcined  at 
900''C  for  1  hour,  and  then  milled  for  a  further  1  hour  to 
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break  down  any  hard  agglomerates. 

A  range  of  polymers  were  chosen  for  the  study,  as 
shown  in  Table  1 .  For  the  thermoplastics,  the  composites 
wore  prepared  by  mixing  the  polymer  with  the  relevant 
processing  additives  and  the  ceramic  powder  on  a  heated 
two-roll  mill  for  20  30  min.,  the  processing  temperature 
being  slightly  above  the  melting  point  of  the  relevant 
polymer  ( 1 70  C  for  polypropylene,  1 30  C  for 
polyethylene,  and  110  C  for  the  polyethylene  acrylic  acid 
copolymer).  A  similar  procedure  was  followed  for  the 
elastomers,  but  in  this  case  the  two-roll  mill  was  water 
cooled  and  the  cross-linking  agents  (sulphur  in  the  case  of 
natural  rubber  and  zinc  oxide  lOr  the  chloroprene  rubber) 
were  added  last  in  order  to  prevent  cross-linking  during 
the  mixing  process.  In  each  case,  the  volume  fraction  of 
lead  titanate  powder  was  50%. 

Table  1 .  Formulation  and  Processing  Conditions  for 
Polymers 


Polymer 

Additives 

Mixing 

Temp. 

Forming  /  Curing 
Temperature 

Polyethylene- 
Acrylic  Acid 
Copolymer 
(Dow-Chemical 
Primacor  3460) 

none 

110  C 

HOC 

Polypropylene 

Stearic  Acid. 
Microcrystalline 
Wax 

170  C 

170  C 

Chloroprene 

Zinc  Oxide, 
Magnesia 

40  C 

160  C 

Natural  Rubber 

Sulphur 

40  C 

160  C 

After  mixing,  the  composites  were  pressed  in  a 
heated  press  at  10  MPa  (the  elastomers  at  a  temperature 
of  160  C  for  20  min.,  the  thermoplastics  at  the 
appropriate  mixing  tempe'ature  for  2  minutes),  followed 
by  cooling  to  room  temperature  at  a  rate  of  15  C/min. 
Flat,  square  sheets  of  the  composites  were  produced 
measuring  160  mm  x  160  mm  and  having  thicknesses  in 
the  range  0,5  2  mm.  Test  specimens  were  cut  from  the 
pressed  sheets  and  electrodes  applied  using  air-drying 
silver  paint  (Acheson  Electrodag  915). 

Electrical  resistivity  measurements  were  carried  out 
as  a  function  of  temperature  on  circular  specimens  having 
a  diameter  ~  55  mm,  using  a  three-terminal  guarded 
electrode  configuration.  The  appMed  electric  potential  for 
these  measurements  was  6  Volts,  giving  an  electric  field 
~  5V/mm,  arid  the  heating  rate  was  1  C/min.  In  addition, 
two-terminal  V-l  measurements  at  high  fields  (-1kV/mm) 
were  made  using  a  high  voltage  amplifier  (Chevin 
Research  HVA1B)  and  a  current-voltage  converter  with 
protected  inputs.  In  this  case,  the  specimen  was  held  in  a 
heated  silicone  oil  bath  at  temperatures  from  60  120  C. 
Poling  experiments  were  carried  out  in  the  same 
apparatus,  with  specimens  being  subjected  to  the 
appropriate  poling  field  and  temperature  for  the  required 
time  (15-120  min.)  and  then  cooled  under  field  to  a 
temperature  of  40  C. 

The  degree  of  poling  achieved  was  characterised 
by  scanning  over  the  (001)  and  (100)  peaks  using  a 
Philips  PW1380  X-ray  diffractometer  and  by  piezoelectric 
measurements  made  using  a  custom-built  d^^-meter. 
Dielectric  properties  were  measured  at  1kHz  using  a 
Hewlett  Packard  4284A  LCR-meter. 


Electrical  properties  of  polymers 

The  electrical  resistivities  of  the  thermoplastics 
were  all  found  to  be  >10^*^  Urn  over  the  temperature 
range  investigated  This  would  seem  to  indicate  that 
composites  prepared  using  these  polymers  could  not  be 
effectively  poled,  since  it  has  been  noted  previously  that 

values  -lOMO^^Um  are  necessary' '  2!  However, 

encouraging  results  have  been  reported  previously  for 
composites  prepared  using  the  polyethylene  acrylic  acid 
copolymer' ^01  and  so  work  on  these  materials  was 
continued. 

Of  the  two  elastomers  investigated,  the  results  for 
chloroprene  rubber  gave  the  clearest  indication  of 
achieving  the  required  resistivity  at  60  C,  as  shown  in 
Fig.  1.  Natural  rubber  exhibited  a  substantially  higher 
resistivity  throughout  the  temperature  range,  falling  to  a 
minimum  value  -lO^Um  at  140  C.  Since  the  level  of 
resistivity  frr  the  natural  rubber  appeared  to  be  a  little 
high,  the  work  was  extended  to  include  carbon  filled 
materials  prepared  by  blending  natural  rubber  with  a  50% 
carbon-filled  material  which  is  commonly  employed  to 
improve  the  mechanical  toughness  of  rubber  based 
products.  The  results  for  these  materials,  presented  in 
Fig. 2.,  show  a  substantial  reduction  in  resistivity  at  20 
vol%  of  carbon  and  a  shift  from  a  negative  temperature 
coefficient  of  resistivity  typical  of  a  semi  insulator  at  low 
carbon-contents  to  a  positive  value  at  the  higher  carbon 
contents.  From  these  results,  a  carbon  content  of  1  5vol% 
should  give  a  resistivity  in  the  required  range  at  120  C. 
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Fig.  1  .  Resistivity  vs.  temperature  for  chloroprene  rubber 
and  natural  rubber. 

Electrical  properties  of  compositei> 

Resistivity  measurements  carried  out  on  the 
composites  at  low  field  levels,  presented  in  Fig. 3.,  gave 
some  unexpected  results.  It  was  generally  found  that  the 
composites  exhibited  a  reduction  in  resistivity  with 
increasing  temperature,  in  line  with  results  obtained  for 
the  polymers  alone.  However,  in  some  cases  the  absolute 
values  of  resistivity  for  the  composites  showed 
substantial  shifts  (both  positive  and  negative)  relative  to 
those  of  the  polymers. 

The  resistivity  of  the  chloroprene  rubber  composite 
was  approximately  an  order  of  magnitude  higher  than  that 
of  the  rubber  alone  throughout  the  temperature  range  of 
interest.  It  is  common  practise  to  include  a  small  amount 
of  a  basic  oxide  (such  as  magnesia)  in  the  formulation  of 
a  chloroprene  rubber  in  order  to  reduce  the  residual 


concentration  of  chloride  ions.  If  the  conductivity  is 
atthbuted  to  the  presence  of  chloride  ions,  then  it  is 
possible  that  the  lead  titaoate  powder  might  function  in  a 
similar  manner  to  magnesia,  resulting  In  the  observed 
increase  in  resistivity  for  the  composite. 
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Fig.  2.  Resistivity  vs.  temperature  for  various  carbon-fiiled 
natural  rubbers. 
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Fig.  3.  Resistivity  vs.  temperature  for  composites 
prepared  with  bO  vol%  lead  titanate. 
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Fig.  4.  Resistivity  vs.  electric  field  for  composites 
prepared  with  50  vol%  lead  titanate  powder. 

The  introduction  of  lead  titanate  powder  into  the 
carbon-filled  natural  rubber  had  little  effect  on  the 
resistivity,  giving  values  -lO^Om  at  100  C  which  would 
normally  be  considered  to  be  above  the  range  required  for 
poling.  However,  resistivity  measurements  carried  out  as 
a  function  of  electric  field  strength  (Fig. 4)  showed  that 
the  resistivity  of  this  composite  was  remarkably  reduced 
at  electric  fields  greater  than  3  kV/mm,  indicating  that 


po'ing  should  be  possible.  Poling  studies  for  the  two 
elastomeric  composites  gave  a  good  correlation  with  the 
high-field  resistivity  measurements  in  that  the  carbon-filled 
natural  rubber  composite  was  more  easily  poled  than  the 
chloroprene  composite,  as  shown  in  Fig. 5  and  Fig. 6. 
Dielectric  and  piezoelectric  measurements  for  these 
composites  are  presented  in  Table  2.  It  is  likely  that  the 
chloroprene  composite  would  be  more  efficiently  poled  at 
higher  field  levels  (-10  kV/mm),  and  that  the 
piezoelectric  properties  would  then  be  closer  to  the  values 
reported  previously*^*. 
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Fig.  5.  XRD  results  for  poling  study  of  chloroprane 

composite  (temperature  =  120  C,  time  =  15  min.) 


2  e  .  dbQ 

Fig.  6.  XRD  results  for  poling  study  of  carbon  filled  natural 
rubber  composite  (temperature  =  120  C, 
time  =  1  5  min.) 


The  polypropylene-based  composite  showed  a 
pronounced  reduction  in  resistivity  with  increasing 
temperature  to  a  value  -lO^Om  at  120  C  (Fig. 4),  in 
marked  contrast  to  the  results  obtained  for  the  polymer 
alone,  which  indicated  a  value  >10*Onm  up  to  140‘C 
(Fig.1),  It  is  likely  that  this  reduction  in  resistivity  relative 
to  the  polymer  is  a  result  of  the  presence  of  a  small 
amount  of  moisture  in  the  composite,  introduced  via  the 
surface  of  the  ceramic  powder.  It  was  noted  that  the 
resistivity  of  the  composite  was  increased  substantially 
after  drying  the  specimen  for  60  min.  at  140  C. 

Further  work  showed  that  the  resistivity  of  the 
polypropylene  based  composite  was  reduced  by 
approximately  an  order  of  magnitude  at  high  fields  (Fig.  4) 


and  that  efficient  poling  of  the  material  was  possible,  as 
shown  in  Fig. 7.  It  was  found  that  the  degree  of  poling,  as 
measured  by  the  relative  intensities  of  the  (001)  and 
(100)  peaks,  increased  in  a  predictable  manner  as  a 
function  of  time,  temperature,  and  poling  field.  The 
piezoelectric  coefficients  obtained  for  this  material  to  date 
are  fairly  low,  being  reduced  by  a  factor  of  3  relative  to 
comparable  epoxy-based  materials*' 2).  u  has  yet  to  be 
determined  whether  this  is  a  result  of  the  elastic 
properties  of  polypropylene  (being  a  relatively  high 
modulus  polymer)  which  might  give  a  less  efficient 
transfer  of  stress,  or  of  a  non-uniform  distribution  of 
polarisation  through  the  thickness  of  the  material  (since 

only  the  surface  region  is  analysed  by  XRD). 

Table  2.  Dielectric  and  Piezoelectric  Properties  of 
Composites  (all  with  50  vol%  lead  titanate  and  poled  at 
120  C  for  1  5  min.) 


Composite  I.D. 

Poling  Field 
(kV/mm) 

£r 

tan  6 

doo 

(pC/N) 

933 

(pC/N) 

Chloroprene 

5 

30.0 

3 

1 1 

7 

30.7 

mb™ 

4 

15 

9 

30.0 

LT) 

O 

6 

6 

23 

1  5%  Carbon 

5 

24.0 

0.037 

4.5 

21 

Rubber 

7 

24.4 

0.037 

7 

32 

8 

24.2 

0.035 

8 

37 

Polypropylene 

5 

0.046 

6 

35 

7 

tElE 

0.046 

10 

62 

9 

16.56 

0.039 

12.5 

85 

» 


I  ...  9  kV.'^fTirr 
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Fig.  7.  XRD  results  for  poling  study  of  polypropylene 

composite  (temperature  =  1  20' C,  time  =  15  min.) 

Composites  prepared  using  the  polyethylene-acrylic 
acid  copolymer  did  not  show  any  indication  of  falling 
within  the  required  resistivity  range  for  poling.  It  is 
possible  that  the  promising  results  reported  previously  for 
this  polymer* '0*  might  be  due  to  the  use  of  a  ceramic 
powder  (a  commercial  ’soft'  PZT)  having  a  higher 
resistivity  and/or  lower  coercive  field  than  the  pure  lead 
titanate  used  in  the  present  study. 

Conclusions 


for  use  in  0  3  piezoceramic  polymer  composites,  since  the 
correct  resistivity  balance  must  be  achieved  in  order  to 
enable  poling  of  the  ceramic  phase'®  In  the  present 
work,  it  was  found  that  the  electrical  behaviour  of  the 
composite  is  not  always  a  true  reflection  of  that  of  the 
polymer,  since  the  introduction  of  the  ceramic  powder  can 
have  a  marked  effect  on  electrical  conduction  through  the 
polymer  matrix.  This  was  particularly  pronounced  tor  the 
lead  titanate-polypropylene  composite,  which  exhibited  a 
resistivity  of  lO^Om  at  120  C,  approximately  4  orders  of 
magnitude  lower  than  that  of  the  polymer  alone.  In  this 
case,  the  reduction  in  resistivity  was  attributed  to  the 
introduction  of  a  small  amount  of  residual  moisture  into 
the  composite.  The  relatively  low  resistivity  of  the 
polypropylene-based  composite  enabled  poling  and 
allowed  the  production  of  an  active  piezoelectric  material, 
albeit  with  relatively  low  piezoelectric  activity.  The  results 
reported  here  for  polypropylene  indicate  that  it  may  be 
possible  to  produce  piezoelectric  composites  using  a  wide 
variety  of  other  non  polar  polymers  which  have  previously 
not  been  considered  suitable  on  the  basis  of  their  high 
electrical  resistivities.  Thermoplastic  polymers  in  particular 
offer  benefits  in  terms  of  processing  (for  example,  they 
are  well  suited  to  complex  forming  operations)  and  may 
exhibit  characteristics  complementary  to  those  of  the 
currently-preferred  epoxies  or  chloroprene  rubber. 

It  was  also  found  that  certain  composites  (notably 
those  prepared  with  carbon  filled  natural  rubber  and 
polypropylene)  exhibited  pronounced  non-ohmic  behaviour 
at  high  electric  field  strengths,  which  was  of  further 
benefit  in  allowing  the  required  resistivity  balance  to  be 
achieved.  It  can  be  concluded  that  the  suitability  of  a 
given  polymer  for  use  in  0  3  piezoceramicpolymer 
composites  can  only  be  fully  evaluated  by  carrying  out 
resistivity  measurements  on  the  composite  as  a  function 
of  temperature  and  electric  field  strength,  since  low-field 
Measurements  on  the  polymer  alone  may  give  misleading 
results. 
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resistivity,  and  its  dependence  on  temperature,  is  an 
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ABSTRACT 

Fine  grained  Sm-modified  lead  titanate  ceramics, 
prepared  from  hydrothermally  processed  powders,  have  been 
microstructurally  characterized  by  quantitative  stereology. 
The  poling  field  dependence  of  their  dielectric  permittivity 
and  losses,  and  electromechanical  and  elastic  properties 
determined  by  the  resonance  method,  has  been  obtained  and 
compared  with  that  of  Ca-substituted  titanates.  In  addition, 
the  results  are  used  to  evaluate  the  influence  of  grain  size  on 
the  behaviour  of  the  electromechanical  properties  with  the 
poling  field.  This  behaviour  is  considered  to  determine  the 
most  appropriate  conditions  for  the  production  of  ceramics 
for  high  frequency  applications. 

INTRODUCTION 

The  microstructure  is  a  factor  of  particular  importance 
that  determines  the  performance  of  ceramics  in  high 
frequency  applications.  For  example,  the  damping  of  the 
planar  mode  of  resonance  of  thin  disks  of  Ca-modified  lead 
titanate  was  only  observed  [  1  ]  in  ceramics  whith  remanent 
porosity.  Modified  lead  titanate  ceramics  has  been 
considered  interesting  [2]  to  be  used  in  surface  acoustic 
waves  (SAW)  devices.  In  this  application  severe  limits  to  the 
potential  use  of  the  ceramic  are  imposed  on  the  grain  size  in 
order  to  minimize  propagation  losses  due  to  the  scattering  by 
grains  [3].  In  addition  to  fine  grain  and  high  homogeneity, 
low  dielectric  permittivity  and  losses  are  required  for  a 
ceramic  to  be  used  as  a  SAW  substrate.  However,  the 
requirements  are  not  so  strong  for  bulk  high  frequency 
applications. 

The  purpose  of  this  work  is  to  determine  the  variation,  as 
a  function  of  the  poling  field,  of  some  dielectric,  elastic  and 
electromechanical  parameters  of  fine  grained  Sm-  modified 
lead  titanate  ceramics  with  well  characterized 
microstructures,  obtained  by  changing  the  sintering 
treatment.  The  relations  observed  between  the  properties  of 
the  ceramics  with  the  microstructure  and  poling  field  will 
give  a  guidance  for  the  selection  of  the  most  appropriate 
ceramics  for  such  applications. 

EXPERIMENTAL  PROCEDURES 

Samarium  modified  lead  titanate  ceramics  of 


nominal  composition 

(  0.88  •  Sm  0  08  )(  Ti  o»  .  Mn  ooj  )  O  ^ 

were  prepared  from  powder  that  was  hydrothermally 
processed,  at  290°C,  by  a  recently  developed  method  [4], 
suitable  for  large  scale  production  of  submicron  size 
particles.  The  powder  was  dry  pressed  and  sintered  at  1050, 
1100,  1 150  and  1200°C  for  2-3  h. 

XRD  and  SEM  techniques  were  used  to  study  the 
microstructures  of  these  ceramics.  The  porosity  and  grain 
size  distribution  were  measured  by  computerized  image 
analysis  by  a  semiautomatic  process  (5]  using  SEM 
micrographs,  obtained  from  polished  surfaces,  and  polished 
and  thermally  etched  surfaces,  respectively.  The  analysis 
involved  four  steps,  which  required  specific  operations  for 
each  measured  parameter.  First,  a  processing  of  the  gray 
level  image  (SEM  micrograh)  was  performed  to  allow  the 
second  step:  the  binarization  of  the  image.  This  was  made 
by  manually  setting  thresholds  for  the  gray  levels.  As  a  third 
step,  a  processing  of  the  binary  image  was  carried  out  and, 
finally,  the  measurement  procedure  took  place.  The 
equivalent  diameter  to  a  circular  shape  has  been  chosen  as 
the  parameter  to  quantify  grain  sizes.  This  is  defined  as 

D  =  (  Area  inside  grain  x  4/Tr)''‘ 

For  the  dielectric  and  piezoelectric  measurements,  thin 
discs  with,  typically.  0.5  mm  thickness  and  13  mm  diameter 
were  prepared  by  cutting  and  grinding  the  sintered  pellets. 
Silver  paint  electrodes  were  then  fired  onto  the  largest  faces. 
The  samples  were  poled  at  130°  C  with  increasing  electric 
fields  until  breakdown.  After  each  poling  treatment,  the  d,, 
piezoelectric  coefficient,  the  dielectric  permittivity  and  losses 
at  1  KHz  were  determined.  Electromechanical  ant)  elaltic 
parameters  were  measured  by  the  resonance  n.ethod 
according  to  IEEE  Standards  |6|. 

RESULTS 

The  lattice  parameters,  tetragonal  distortion  and 
theoretical  density  of  the  ceramics  were  determined  from 
their  XRD  patterns.  The  values  obtained  ,  c=  4.05  A, 
a=  3.89  A  ,  c/a=  1.041  and  p  =  7.83  g.cm’  ,  were  the 
same  for  all  the  ceramics,  regardle.ss  of  their  sintering 
conditions.  The  presence  of  a  small  amount  of  unreacted 
TiOj  was  observed  in  the  XRD  patterns  of  all  the  ceramics. 
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Tahk'  I 


sintering 

conditions 

Porosity 

(7c) 

Pore- 

Area 

(rinrl 

Gram 

Size 

t/ini) 

10.‘>0'’C  3h 

13.7 

0.92 

0  56 

n00'’C-3li 

8  9 

.<)  ,51 

0.64 

1150''C  21i 

7  6 

15  26 

0  81 

ll.S0'’C-3li 

7.3 

18.21 

0  81 

1200°C-2h 

10.4 

61.96 

1  41 

Table  I.  shows  the  percentage  of  porosity  and  the  average 
pore  area  and  gram  size  resulting  from  each  sintering 
condition.  In  addition  to  these  results,  image  analysis  on 
micrographs  of  the  polished  samples  revealed  that  the 
percentage  of  TiO,  did  not  depend  on  sintering  conditions. 

From  the  values  of  the  pore  area  in  Table  I,  it  is 
observed  that  the  sintering  conditions  did  not  only  modify 
the  percentage  of  porosity,  but  also  the  size  of  the  pores. 

Figures  1,  2  and  3  show  micrographs  on  polished  and 
thermally  etched  surfaces  of  ceramics  sintered  at  1 100,  1 150 
and  1200°C,  respectively. 

The  grain  size  distributions  obtained  by  image  analysis  of 
these  micrograhs  are  shown  in  Figure  4. 

Results  in  Table  1  and  Figure  4  reveal  a  displacement  to 
higher  average  grain  size  and  wider  distributions  as  sintering 
temperature  increases.  The  distributions  are  remarkably 
narrow  for  ceramics  sintered  at  1050  and  1 100°  C.  For  the 
ceramic  sintered  at  1200°C  the  width  of  the  distribution 
suggests  a  tendency  to  a  bi modal  character. 

To  determine  the  poling  temperatLue  reijuired,  the 
dielectric  permittivity  as  a  function  of  the  temperature,  and 
the  coercive  field  were  measured  on  samples  sintered  at 
1150°C-2h.  The  lerroelectric  transition  temperature  is 
319°C  and  the  coercive  field  is  42  KV.cm  '  at  130°C. 

Breakdown  of  the  ceramics  was  found  to  occur  at  a  poling 
field  of  80  KV.cm',  except  lor  the  ceramic  sintered  at 
1050°C-2h,  which  suffered  breakdown  at  70KV.cm  '. 

The  values  of  the  dielectric,  elastic  and  electromechanical 
parameters  measured  are  given  in  Table  II  for  a  poling  field 
of  70  KV.cm  '  and  for  each  sintering  condition.  The  changes 
in  d,,  and  K,  are  rather  small  and  do  not  show  any  obvious 
correlation  with  the  sintering  temperatures.  On  the  contrary, 
the  dielectric  permittivity,  K'„  ,  and  the  frequency  con.stant 
for  the  thickness  mode,  N,  ,  increase  to  a  maximum  at 
I  ISO^C  and  then  decrease,  whereas  the  ela.stic  compliance, 
s'^^ii,  has  a  minimum  at  1 150°C. 

The  variation  of  the.se  parameters  as  a  function  of  the 
poling  field  was  not  found  to  be  dependent  on  the  sintering 
conditions  and  it  can  be  de.scribed  as  follows. 

As  expected,  a  continuous  decrease  with  the  poling  field 
IS  ob.served  for  the  dielectric  permittivity  for  all  the 


Figure  1.  SEM  micrograph  of  ceiamic  sinteied  at 
1 100°C-3h. 


Figure  2.  SEM  micrograph  o!  ceramic  sintered  at 
ll50°C-3h. 


Figure  3,  SEM  micrograph  of  ceramic  sintered  at 
1200^-211. 


The  d,,  and  K,  coefliciciits  iiicieasc  sharply  up  to  a  poling 
field  of  40  KV.cm'  ,  winch  is  close  to  the  coercice  field, 
l-illle  increase  of  these  coellicienls  uas  loiind  above  this 
field. 

The  Irequeney  constant  )or  the  thickness  mode  shows  a 
small  decrease  (  <  5  '.r  )  as  the  poling  field  increases. 
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ceramics. 


Table  II 


■inlering 

»'ii 

*10  " 
m’/N 

4» 

pC/N 

N, 

KHz. nun 

K 

% 

before 

poling 

poled 

U).S0'('-3h 

r/b 

147 

ti  l 

SI 

1880 

42 

211 

1S7 

7.9 

ss 

2161 

46 

11.10  ('211 

22-4 

194 

7.4 

56 

2285 

42 

llSOT-th 

21ft 

187 

7  4 

54 

23(19 

40 

1200‘('-2h 

196 

171 

8.4 

5.1 

2129 

44 

The  behaviour  of  the  dielectric  losses  as  a  function  of  the 
poling  field  for  ceramics  sintered  under  different  conditions 
is  shown  in  Figure  5.  Increasing  losses  and  a  sharper 
variation  with  the  poling  field  are  found  as  the  sintering 
temperature  increases. 

The  change  of  the  planar  coupling  factor  with  the  poling 
field,  Kp  ,  is  presented  in  Figure  6  for  different  sintering 
temperatures.  The  ceramics  sintered  at  1050,  1100  and 
1150°C  (2h)  showed  an  increase  in  the  Kp  value  with  the 
poling  field  up  to  40  KV.cm  ',  when  saturation  is  achieved. 
However,  for  ceramics  sintered  at  1 150°C  (3h)  and  1200‘’C, 
Kp  reached  a  ma\imun  at  40  KV.cm'  and  shov/ed  a 
tendency  to  decrease  with  further  increases  of  the  poling 
field.  Ceramics  sintered  at  1050  and  1200°C  have  the  lowest 
Kp  values. 

DISCUSSION  AND  CONCLUSIONS 

XRD  results  showed  that  there  is  no  change  in  the  crystal 
structure  of  the  ceramics  with  sintering  conditions. 
Therefore,  the  differences  observed  in  the  variation  with  the 
poling  field  of  the  dielectric,  ela.stic  and  electromechanical 
parameters  or  in  their  saturation  values  can  only  be  ascribed 
to  the  differences  in  the  ceramic  microstructures  determined 
by  the  sintering  conditions. 

The  dj,  and  K,  saturation  values  compare  well  with  those 
in  the  literature  for  similar  compositions  12,7].  Neither  their 
saturation  values  nor  their  evolution  with  the  poling  field 
show  any  obvious  microstructural  dependence. 

From  the  results  of  the  percentage  of  porosity  (Table  1) 
and  of  the  dielectric  permittivity,  K^,,  ,  elastic  compliance, 
.s’'||  ,  and  frequency  constant,  N,  ,  (Table  11)  as  a  function  of 
the  sintering  temperatures,  the  dependence  between  them  is 
clear.  The  higher  the  percentage  of  porosity,  the  lower  the 
values  of  K^j3  and  N,  ,  and  the  higher  the  values  of  s^,,  , 
regardle.ss  of  pore  size. 

The  influence  of  porosity  masks  the  expected  [3|  increa.se 
of  dielectric  permittivity  with  decreasing  grain  size. 
However,  again,  the  comparation  of  the  results  in  Tables  1 
and  11,  taking  into  account  previous  results  for  ceramics  with 
grain  sizes  from  1  to  10  ^m  [31  ,  .shows  that  grain  ."ize 
.seems  to  be  the  main  factor  affecting  dielectric  losses.  The 
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Figure  4.  Grain  size  distributions  for  ceramics  sintered  at 
(a)ll(X)°C-3h,  (b)  1150'’C-3h  and  (c)  1200°C-  2h  (x-axis: 
grain  size  in  /rm). 
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Figure  5.  Dielectric  losses  as  a  function  of  the  poling 
field  for  ceramics  sintered  under  different  conditions. 
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Figure  6.  Variation  of  K^,  with  the  poling  field  for 
different  sintering  conditions. 
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lower  the  sintering  temperature,  the  lower  the  gram  size  and 
the  dielectric  losses. 

It  can  also  be  seen  (Figure  5)  that  the  decrease  of  the 
dielectric  losses  as  the  poling  field  increases  is  higher  the 
higher  the  grain  size. 

It  is  remarkable  that  when  poled  to  saturation  (  Ep  >  40 
KV.cm  '  )  all  the  ceramics  have  tanS  <  0.010.  This  is  a  low 
value  for  mo.st  high  frequency  bulk  transducer  applications 
and,  when  combined  with  the  small  grain  size,  suggests  that 
the.se  ceramics  may  also  be  suitable  for  applications  as 
substrate  in  SAW  devices. 

The  values  of  the  planar  electromechanical  coupling 
factor,  Kp  ,  also  show  a  dependence  on  the  percentage  of 
porosity.  The  higher  the  porosity  (ceramics  sintered  at  1050 
and  1200°C)  the  lower  the  Kp  values.  This  is  in  agreement 
with  previous  works  [IJ  on  calcium  modified  lead  titanate 
ceramics.  Here,  again,  the  reported  tendency  of  increasing 
Kp  with  decreasing  grain  size  13|  is  masked  by  the  primary 
effect  of  the  porosity  of  the  ceramic. 

Both  in  Sm  I?)  and  Ca  [8)  modified  ceramics  a  clear 
decrease  of  Kp  with  the  poling  field  has  been  observed  from 
a  maximum  value  achieved  at  fields  of  30  to  40  KV.cm'. 
However,  our  results  show  (Figure  6)  that  the  poling  field 
dependences  of  Kp,  for  the  ceramics  sintered  at  1050,  1 100 
and  1150°C  (2h),  do  not  follow  this  trend,  although  they 
were  poled  up  to  fields  of  80  KV.cm  ',  higher  than  those 
reported  previously.  A  small  reduction  was  nevertheless 
observed  for  the  ceramics  sintered  at  1 150°C  (3h)  and  1200 
°C.  This  interesting  effect  can  be  explained  when  the 
variation  of  grain  size  (Table  I)  and  grain  size  distributions 
with  sintering  temperatures  is  considered.  The  first  set  of 


ceramics  have  smaller  average  grain  sizes  together  with 
narrower  distributions.  As  the  average  grain  sizes  increase 
and  di.stributions  become  wider,  the  behaviour  tends  to  be 
that  reported  for  coarser  grain  ceramics. 

In  summary,  it  has  been  examined  the  dependence  with 
the  sintering  conditions  of  the  properties,  and,  also,  of  the 
change  of  these  properties  with  the  poling  field,  of  fine 
grained  Sm-modified  lead  titanate  ceramics.  Grain  size 
effects  in  the  behaviour  of  Kp  and  tan6  and  appropriate 
overall  properties  for  high  frequency  applications  of  these 
ceramics  were  found. 
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Precursor  powders  of  both  alkaline-earth  and  rare-earth 
doped  lead  titanate  based  ceramics  have  been  synthesised 
using  an  attrition  milling  process.  The  influence  of  dopants 
and  powder  processing  parameters  on  the  sintering,  micro¬ 
structure,  dielectric  and  piezoelectric  properties  of  the 
products  is  discussed. 


INTRODUCTION 

Piezoelectricity  describes  the  phenomenon  of  generation 
of  an  electric  charge  in  a  substance  which  is  directly 
proportional  to  the  applied  mechanical  stress,  conversely, 
the  application  of  an  electric  field  produces  a  proportionate 
dimensional  change  in  the  material.  This  phenomenon  was 
first  discovered  in  1880  by  J.  and  P.  Curie  during  their 
systematic  study  on  the  influence  of  pressure  on  the 
electrical  response  of  a  variety  of  crystalline  materials. 

Initially  only  single  crystal  materials,  e.g.,  quartz,  rochelle 
salt,  triglycine  sulphate  etc.,  that  lack  a  centre  of  symmetry 
in  their  crystal  structure  were  considered  to  exhibit 
piezoelectricity.  The  non-centrosymmetry  in  the  crystal 
structure  is  an  essential  feature  for  piezoelectricity  to  occur. 
However,  since  the  pioneering  work  of  Gray  (1)  and  Roberts 
(2)  who  showed  that  piezoelectricity  can  be  induced  in  oolv- 
crystalline  barium  titanate  ceramics  under  the  influence  of 
high  d.c.  fields,  and  the  subsequent  discovery  of 
piezoelectricity  in  solid  solutions  of  lead  zirconate-titanate 
(PZT)  by  Jaffe  and  co-workers  (3),  a  variety  of  poly¬ 
crystalline  materials  have  also  been  shown  to  exhibit 
piezoelectricity. 

Recently,  poly-crystalline  lead  titanate  has  been  the 
focus  of  much  attention  for  various  device  applications. 
Lead  titanate  is  a  ferroelectric  material  having  a  perovskite 
structure  similar  to  barium  titanate.  The  main  features  of  this 
ceramic  include:  1)  an  order  of  magnitude  lower  dielectric 
constant  (-200)  compared  to  barium  titanates  and  PZT 
ceramics,  2)  a  high  Curie  point  of  about  500°C,  3)  an  almost 
negligible  aging  effect  on  the  dielectric  constant  and  4)  a 
large  difference  between  the  thickness  coupling  coefficient 
(«,)  and  planar  coupling  coefficient  (Kp).  The  disadvantages 
are,  1)  poor  sinterability  due  to  a  large  anisotropy  in  the 
crystal  structure  (large  c/a  ratio),  2)  inhomogeneities  in  the 
microstructure  caused  by  the  volatilization  of  lead  oxide  at 
high  sintering  temperatures  and  3)  severe  poling  conditions 
required  to  induce  piezoelectricity  in  this  material.  However, 
the  advantages  outweigh  the  disadvantages,  and  this 
material  is  considered  to  be  promising  for  high  temperature, 
high  frequency  device  applications,  e.g.,  transducer 
elements  for  (ultrasonic)  non-destructive  testing  devices, 
medical  diagnostic  apparatus,  hydrophones  etc.  Compared 
to  PZT  ceramics,  lead  titanate  based  ceramic  array 
transducers  can  be  operated  at  higher  frequencies,  thus 
providing  better  image  resolution.  This  is  due  to  the  very 
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small  lateral  or  planar  mode  coupling  coefficient  allowing  a 
width-to-thickness  ratio  of  the  transducer  element  to  be 
greater  than  one  (w/t>  1).  The  large  planar  mode  coupling 
factor  in  PZT  restricts  the  width-to-thickness  ratio  of  the 
transducer  element  to  be  less  than  one  (w/t<  1)  in  order  to 
prevent  lateral  vibrations  from  affecting  ^e  acoustic  beam. 
This  restriction  makes  it  difficult  for  PZT  ceramics  to  be  used 
for  high  frequency  array  transducers.  This  dimensional 
limitation  and  also  difficulties  in  machining  plates  into  a  large 
number  of  small  elements,  limits  the  operating  frequency  of 
commercially  available  array  transducers  to  the  5MHz  region 
(4-5). 


The  sinterability  of  lead  titanate  has  been  shown  to  be 
improved  by  doping  with  a  variety  of  alkaline-earth  and  rare- 
earth  oxides  (6-13).  The  sintering  temperature  can  also  be 
reduced  by  adding  transition  metal  oxides  along  with 
tungsten  oxide  as  a  mineralizer.  Furthermore,  the  addition 
of  MnO  increases  the  insulation  resistance  and  improves  the 
sinterability  and  poling  response  of  the  material. 

This  improved  sinterability  of  doped  material  has  resulted 
in  lead  titanate  becoming  a  practical  poycrystalline  piezo¬ 
electric  for  a  variety  of  transducer  applications,  especially  at 
the  higher  frequencies  where  the  resolution  necessary  for 
the  detection  of  subsurface  microflaws  is  crucial  if  advanced 
structural  ceramic  components  are  to  be  used  extensively  in 
applications  such  as  in  high  temperature  gas  turbines  and 
internal  combustion  engine  parts.  This  would  require 
development  of  transducer  materials  that  can  operate  at 
frequencies  of  1CX)  MHz  or  higher.  At  present,  no  such 
transducer  element  is  commercially  available.  A  number  of 
lead  titanate  based  compositions  are  therefore  being 
developed  by  the  authors. 

This  paper  describes  the  effect  of  processing  parameters 
on  the  sintering,  microstructure,  dielectric  and  piezoelectric 
properties  of  lead  titanate  based  ceramics  containing 
alkaline-earth  and  rare-earth  oxides  as  major  dopants. 


MATERIALS  AND  METHODS 

The  following  is  a  list  of  the  intended  elemental 
composition  of  the  powders: 

Powder  Composition 

765^®  24(^®.03^  03^'^.015^U7)®3 

D2  88^®.24(^® .02'*'^  02^^.02^  97)^3 

D3  ^^.95^®.l(^®.02^02^*^02'^U7)O3 

D4  ^^.80^®  l(^®  02^02^^  02^  97)®3 

A  schematic  diagram  showing  various  processing  steps 
involved  for  the  production  of  modified  lead  titanate  based 
materials  is  given  in  Fig.  1 . 


Powders  were  prepared  from  high  purity  commercial  raw 
materials  in  the  form  of  oxides  or  carbonates  Initially  they 
were  dry  mixed  in  a  rotary  tumbler  and  then  subjected  to 
attrition  milling.  Batches  of  powder  weighing  300-4(X)  g  were 
placed  in  a  1  L  attrition  mill  containing  high  purity  zirconia 
milling  medium  (spherical,  3  mm  diameter).  Water  was  used 
for  the  slurry  along  with  0.55wt%  of  the  deflocculent  ‘Darvan 
C.  The  slurry  was  attrition  milled  for  two  to  four  hours  and 
the  slurry  was  spray  dried  using  a  Buchi  model  190  mini 
spray  drier  with  an  inlet  temperature  of  a200  'C  and  an  outlet 
temperature  of  as125°C. 

The  powder  (50-100g  batches)  was  placed  in  a  zirconia 
crucible,  covered  with  platinum  foil,  and  calcined  in  a  muffle 
furnace  between  800°  and  lOOO'  C  for  2  hours. 

The  calcined  batches  were  re-attrition  milled  for  2  hours 
as  described  previously,  to  break  up  any  agglomerated 
particles,  and  dried  by  filtration  or  vacuum  evaporation. 


Fig  1  -  Synthesis  and  Processing  of  PbTiOj 

The  powders  were  pressed  into  19-mm  diameter  pellets 
each  weighing  between  3.5  and  4.0  g.  Enough  powder  to 
make  2  pellets  was  mixed  with  5wt%  of  a  20wt%  aqueous 
solution  of  the  binder  polyvinyl  alcohol  (PVA).  The  powder 
was  placed  in  a  lubricated  (2  machine  oil:1  kerosene)  die 
and  pressed  at  138  MPa  for  30  seconds  in  a  hydraulic 
press. 

Before  sintering,  the  PVA  was  removed  by  heating  the 
pellets  in  an  oven  at  5°C/min  to  300"C  and  holding  for  1 
hour,  followed  by  raising  the  temperature  at  15"C/min  from 
300°  to  600°C  and  holding  for  2  hours. 

The  pellets  were  sintered  in  an  electrically  heated 
furnace  at  15°C/min  to  600“C  and  then  to  their  respective 
sintering  temperatures  at  5“C/min. 

Sintered  pellets  were  parallel  lapped  with  water  slurry  of 
600  mesh  silicon  carbide  grit  to  ensure  the  two  faces  were 
parallel.  Dry  polishing  with  2/0  and  3/0  SiC-coated  paper 
on  a  rotary  polisher  gave  a  smooth  surface  for  electroding. 

Silver  electrode  paint  (Dupont  #4731)  was  applied  to 
each  face,  the  pellet  was  allowed  to  dry  and  then  heated  at 
15°C/min  to  660°C  and  held  for  15  minutes.  The  pellets 
were  allowed  to  cool  to  room  temperature  and  a  second 
coat  applied  by  repeating  the  aforementioned  process. 
Details  of  the  dielectric  and  piezoelectric  measurement 
system  and  methods  are  described  in  another  paper  of  this 
proceedings  volume  (14). 


RESULTS  AND  DISCUSSION 

X-ray  diffraction  (XRD)  patterns  of  powdered  samples  of 
the  oxides  and  carbonates  that  were  mixed  and  attrition 
milled  together  showed  a  (perovskite)  PbTiOj  structure  after 
calcination  between  80C°  and  9GC°C.  Only  in  some  cases 
were  trace  amounts  of  unreacted  oxides/carbonates  or 
other  unidentified  phases  detected  at  these  temperatures. 
Heat  treatment  above  1000°C  produced  single  phase  PbTiO, 
materials.  Typical  XRD  patterns  are  shown  in  Fig  2 


Fig  2  -  XRD  Patterns  of  D1  Powders 
Calcined  at  (a)  800°C  and  (b)  1050”C. 


The  diffraction  patterns  clearly  showed  the  effect  of 
dopants  on  the  d-spacings  of  the  material.  Unit  cell  volumes 
and  tetragonality  (c/a)  were  calculated  by  indexing  the 
diffraction  patterns  and  obtaining  “a”  and  "c"  values  using  a 
lattice  parameter  calculations  program  developed  at 
CANMET.  Theoretical  densities  calculated  using  lattice 
parameters  were  useful  in  determining  optimum  sintering 
conditions.  Sample  densities  were  calculated  from  the 
masses  and  dimensions  of  lapped,  polished  pellets. 
Densities  measured  by  Archimedes  method  were  2-3% 
larger  than  calculated  values.  The  former  procedure  was 
followed  because  the  buoyancy  method  is  not 
recommended  for  objects  weighing  less  than  50  g  (ASTM 
C373-72).  Data  from  the  XRD  studies,  optimum  sintering 
temperatures  and  observed  densities  for  the  above 
compositions  are  summarised  in  Table.  1.  The  cell 
tetragonality  and  theoretical  density  of  undoped  lead  titanate 
is  also  given.  All  sintered  materials  had  densities  that  were 
92%  theoretical  or  better.  The  optimum  sintering 
temperatures  and  densities  of  the  materials  appear  to  be 
influenced  by  the  sample  composition.  Sample  D4  exhibited 
the  highest  sinter  densities.  The  high  soda  content  may  be 
responsible  for  the  observed  low  sintering  temperatures  of 
D2. 


Table  1.  Tetragonality  and  Density  of  Various  Samples 


Powder 

c/a 

Theoretical 

Density 

(g/cc) 

%  theor. 
Density 

(g/cc) 

Sintering 

Temp.(“C) 

D1 

1.042 

7.269 

95.20 

1150 

D2 

1.039 

7.686 

92.17 

950 

D3 

1.045 

7.955 

94.80 

1050 

D4 

1.028 

7.492 

96.50 

1050 

PbTiOa 

1.065 

7.971 

- 

- 

The  c/a  ratio  for  doped  materials  is  significantly  lower 
compared  to  pure  lead  titanate.  The  lower  c/a  ratio  is  a 
desirable  feature  as  the  materials  showing  less  tetragonality 
are  less  susceptible  to  thermal  shock.  The  explanation  for 
this  is  that  large  differences  in  lattice  dimensions  result  in 
large  differences  between  the  rates  of  thermal  expansion 
along  different  axes.  These  differences  set  up  mechanical 
stresses  that  result  in  macro  or  micro  cracking  of  the 
ceramic  body  while  cooling  through  the  Curie  temperature. 
The  large  anisotropy  in  the  crystal  structure  is  the  reason 
why  pure  PbTiOj  will  not  sinter  and  must  be  doped  in  order 
to  obtain  a  useable  product.  Lowering  of  unit  cell 
tetragonality  has  also  previously  been  reported  (7-13)  for 
other  doped  lead  titanates. 

The  above  compositions  also  exhibited  a  narrow 
temperature  range  where  the  materials  could  be  successfully 
sintered  to  high  densities.  A  variation  in  sintering 
temperatures  of  100°C  profoundly  affected  the  sintered 
densities.  For  example,  sample  D1  sintered  at  1075°C 
produced  poorly  sintered/porous  material  (densitya  87%  of 
the  theoretical  value),  whereas  heat  treatment  to  1150°C 
resulted  in  a  well-sintered  material  (density  >  95%)  having  a 
uniform  microslructure.  Above  1200°C,  lower  densities  (< 
90  %),  exaggerated  grain  growth  and  both  micro-  and 
macro-cracking  of  the  sintered  specimens  was  observed 
{Fig-3). 


Fig  3  -  Effect  of  Overfiring  (1200°C)  on 
sample  D1. 

Sample  composition  also  appears  to  have  an  effect  on  the 
fracture  behaviour  of  the  materials.  Sintered  discs  made 
from  powders  D1  and  D4  displayed  inter-granular  fractures 
and  fine  microstructure  (1-4  pm  size  particles),  whereas, 
samples  D2  and  D3  predominently  exhibited  intra-granular 
fracture  behaviour  (Fig. 4).  This  could  be  related  to  the 
presence  of  a  second  phase  observed  in  samples  D2  and 
03  tnat  .,  to  be  glaoey  in  r.n*'jre.  The  glassy  phase 
was  more  easily  detected  for  D2  having  a  higher  soda 


content.  An  EDX  analysis  of  the  polished  D2  specimen 
revealed  a  sodium  deficient  PbTiOj  type  matrix  and  sodium- 
rich,  lead-deficient  glassy  inclusions. 

Results  from  the  dielectric  and  piezoelectric  property 
measurements  are  given  in  Table  2.  An  examination  of  the 
data  indicate  that  both  dielectric  and  piezoelectric  propierties 
of  the  sintered  discs  are  strongly  influenced  by  the  powder 
compositions.  Sodium  ion  doping  (samples  D2  &  D3) 
resulted  in  an  increase  in  the  materials  conductivity  and  the 
dielectric  loss  factor  (tan  s).  Compared  to  D1  &  04,  the 
conductivity  increase  and  dielectric  losses  were  significantly 
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Fig  4  -  SEM  Micrographs  of  Fractured 
Surfaces. 


higher  in  samples  02  &  03  near  the  poling  temperature 
(w120°C).  The  lower  resistivity  and  higher  losses  made  it 
impossible  to  electrically  pole  or  induce  piezoelectricity  in 
these  two  materials.  Even  at  small  poling  fields  (a  5  kV/cm) 
these  samples  experienced  electrical  breakdown.  An 
increase  in  soda  content  (02  vs  03)  also  seems  to  promote 
an  increase  in  the  dielectric  constant.  For  piezoelectric 

Table  2.  Dielectric  and  Piezoelectric  Properties 


Property  Composition 


01 

02 

03 

04 

€  25T: 

235 

326 

211 

322 

€  120PC 

404 

549 

401 

555 

Tan6  @25^ 

1.4x10^ 

1.5x10' 

6.3x10^ 

6.3x10® 

Tans  @  12Crc 

2.9x10^ 

5.2x10' 

4.3x10' 

1.0x10' 

25X)  (n-cm)  ' 

1.8x10® 

2.6x10'® 

8.0x10^ 

1.1x10® 

a„  120PC  (n-cm)  '  6.5x10^ 

1.3x10^ 

1.2x10" 

3.0x10® 

Curie  Temp  "C 

250 

- 

- 

290 

•s, 

0.049 

- 

- 

0.12 

K 

0.51 

- 

- 

0.31 

On, 

71 

- 

- 

321 

Np(Him) 

2680 

- 

- 

2830 

N,  (Hz.m) 

1910 

- 

- 

2225 

92 

78 

property  measurements,  samples  were  poled  at  hign  electric 
fields  of  =:40k\//cm  for  a  period  of  10  minutes  in  a  silicon  oil 
bath  kept  at  temperature  of  110“C.  The  Curie  temperatures 
were  determined  from  the  dielectric  constant  vs  temperature 
plots.  The  Curie  temperatures  for  cenum-doped  samples  (D4) 
are  a  little  higher  than  D1  suggesting  a  slightly  larger  useful 
transducer  operating  temperature  range  for  D4  However,  the 
superior  piezoelectric  properties  (i  e  K^,  K, ,  Q„,,  d33)  and  the 
large  anisotropy  in  electromechanical  coupling  factor  (K,/Kp 
>10)  for  sample  D1  make  it  a  better  candidate  for  high 
frequency  linear  array  transducers.  The  dielectric  and 
piezoelectric  properties  of  D1  samples  are  comparable  to 
those  reported  by  Yamashita  et.  al.  (12)  for  Ca  doped  lead 
titanates. 


CONCLUSIONS 

Compared  with  pure  lead  titanate,  modified  lead  titanates 
having  alkaline-earth  and  rare-earth  oxides  as  major  dopants 
exhibit  lower  crystal  tetragonality  (c/a  ratio  ref.  Table  1). 
Similar  results  have  been  previously  reported  for  other 
modified  lead  titanate  compositions(7-l3)  The  data  in  Table 
1 ,  also  suggest  that,  with  the  exception  of  D2,  these  materials 
can  be  sintered  to  high  densities  (-95%  or  higher).  The  high 
soda  content  appears  to  promote  the  low  densification  in  02. 
SEM  micrographs  and  EDX  analysis  have  revealed  soda-rich, 
lead  deficient  inclusions  that  may  be  responsible  for  the 
observed  low  density  of  this  material.  SEM  studies  also 
indicate  composition  dependent  fracture  behavior.  Samples 
D1  and  D4  exhibit  inter  granular  fracture  whereas  D2  and  D3 
displayed  intra-granular  fracture.  These  materials  also 
demonstrate  a  fairly  narrow  temperature  range  for 
densification.  A  mere  100‘'C  variation  from  the  optimum 
sintering  temperatures  appears  to  have  adverse  effects  on 
both  the  sample  density  as  well  as  its  microstructure. 
Although  sample  04  had  the  lowest  c/a  value  of  1.028 
exhibited  the  highest  density,  no  direct  correlation  between 
the  sample  density  and  unit  cell  tetragonality  can  be 
determined  from  Table  1. 

Both  the  dielectric  as  well  as  piezoelectric  properties  in 
these  materials  are  strongly  influenced  by  the  sample 
composition.  Ooping  with  sodium  ions  produces  more 
conductive  and  lossy  material  resulting  in  electrical  breakdown 
of  the  samples  during  the  poling  process.  Of  all  the  materials 
studied,  D1  showed  the  most  favourable  piezoelectric 
properties,  with  a  thickness  coupling  coefficient  of  0.51  and  a 
planar  coupling  coefficient  of  0.049  and  a  mechanical  qualify 
factor  of  71.  These  characteristics  make  it  a  promising 
candidate  for  use  as  transducer  elements  for  non-destructive 
testing  of  materials  and  similar  device  applications. 
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Cheniical  co-predpitation  and  gel  processing  techrMques  have 
been  used  to  synthesize  precursor  powders  of  a  modified  lead 
titanate  composition.  The  effects  of  powder  processing  parameters 
and  sintering  conditions  on  the  microstnxture  and  dietectric, 
piezoelectric  and  pyroelectric  properties  of  the  products  are 
discussed.  A  comparison  is  made  between  powders  and  products 
made  by  conventional  attrition  milling  process  and  those  produced 
via  chemical  processing  techniques. 


INTRODUCTION 

There  has  been  growing  interest  in  the  development  of  lead 
titanate  based  ceramics  for  a  variety  of  piezoelectric/pyroelectric 
devices  applications.  Some  of  the  attractive  features  of  lead  titanate 
ceramics  include;  a  hign  Curie  temperature  (>25CTC),  high 
spontaneous  polarisation,  low  dielectric  constant(-200),  a  very 
small  aging  rate  of  dielectric  constant,  a  large  difference  between 
the  thickness  coupling  constant  (kj  and  planar  coupling  constant 
(kp)  and  relatively  lew  mechanical  quality  factor  (QJ.  These 
characteristics  make  it  a  promising  candidate  for  high  frequency 
ultrasonic  transducers  for  non  destructive  evaluation  of  materials, 
medical  diagnostics,  SAW  devices,  infrared  sensors  etc  (1-3). 
However,  difficulties  are  encountered  in  the  sintering  and 
subsequent  poling  of  PbTiOj  due  to  the  high  anisotropy  in  its 
crystal  structure  Oarge  c/a  ratio),  which  leads  to  the  development 
of  micro-  and  macrocracks  upon  sintering  and  subsequent  cooling 
through  the  Curie  point.  [Xjpirig  with  alkali  rnetals,  trarisition  rnetals 
or  rare  earth  oxides  has  been  shown  to  produce  crack-free  high- 
density  material  (1,4-6). 

In  recent  years  there  has  been  greater  emphasis  on  the 
synthesis  of  precursor  powders  via  chemical  routes  (7-11).  This 
approach  is  believed  to  offer  greater  control  of  chOTical 
composition,  homogeneity,  particle  size,  shape  and  other  key 
parameters  considered  necessary  to  produce  high  performarx» 
advanced  ceramics. 

In  an  earlier  study  (12)  we  reported  the  synthesis  and 
characterization  of  calda-dop^  lead  titanate  compositions  having 
a  general  formula, 

[Pb,.,Ca,][(Co.W)^Mn,Ti,.2^J03 

where 

X  <  0.30,  y  <  0.03,  z  <  0.01 

Two  different  chemical  routes  and  also  conventional  attrition  milling 
methods  were  used  to  synthesize  the  precursor  powders.  The 
influence  of  powder  processing  methods  on  the  crystal  structure, 
unit  cell  parameters  and  the  particle  size/surface  area  were 
discussed.  This  study  provides  data  on  the  microstructural, 
dielectric,  piezoelectric  arxJ  pyroelectric  properties  of  the  above 
materials. 


EXPERIMENTAL  PROCEDURES 

Precursor  powders  were  prepared  by  a  gel-process  and  a  co- 
precipitation  route  and  also  by  a  conventional  attrition  mlng 
process.  Powders  were  canned  in  air  at  75DC  for  two  hours. 
Green  discs  1.3  cm  in  diameter  were  formed  at  -25,000  psi  and 
sintered  at  105CfC  for  three  hours.  Coarse  powder  of  the  same 
composition  was  loosely  packed  around  the  samples  to  provide 
a  PbO  atmosphere  duri^  siritering.  Detats  of  the  syntheses  are 
reported  elsewhere  (12). 

Ffor  dielectric,  piezoelectric  arxj  pyroelectric  rneasurernerTts  the 
samples  were  parMel  lapped  using  wet  SiC  powder  ^00  mesh), 
cleaned  in  isopropanol  using  an  uNrasonic  bath,  dried,  electroded 
(using  Dupont  #4731  silver  ink)  arfo  fired  at  600^  for  15  minutes. 
For  piezoelectric/ pyroelectric  rrieasurerrierits  sarriples  were  poled 
at  40  kv/cm  in  a  silicone  oi  bath  at  lODC  for  10  minutes.  The 
radial  mode  resonance  ct  the  samples  were  analyzed  using  the 
method  of  Sherrit  et  al.  (13)  with  slight  modfications.  When  the 
material  kp  is  smal  the  arial^  can  be  dependent  on  1  Hz  shifts 
in  frequency.  However  the  resolution  in  frequercy  from  the 
impedance  scans  is  only  10  Hz  at  best  To  t  the  data  the  critical 
frequencies  were  determined  to  10  Hz  resolution  as  usual  and  a 
fit  was  calculated.  The  frequencies  were  then  ac|jsted  to  1  Hz  to 
rriiriirTiize  the  errors  of  the  fit 

The  materials  constants  of  the  thickness  mode  were 
deterrriiried  usirig  the  rriethod  of  Srriits  (14).  The  coristarTts  for  both 
modes  were  determined  at  the  resonance  frequency  except  for 
e‘33  which  was  determined  at  1  kHz.  The  impedance  scans  were 
measured  with  an  HP  4192  impedance  anatyzer. 

The  pyroeleciric  characteristics  were  determined  using 
p=l/(dT/dt)A 

as  described  by  Byer  and  Roundy  (15)  where  I  is  the  short  circuit 
current,  A  is  the  electrode  area  and  dT/dt  is  the  temperature  ramp 
rate.  The  current  was  measured  using  a  Keithly  619  electrometer. 
The  ramp  rate  was  set  at  1°C  per  minute.  The  temperature  was 
measured  using  a  chromel-alumel  thermocouple  referenced  to  an 
ice  bath  imbedded  in  a  stainless  steel  stage  below  the  sample. 

The  hydrostatic  measurements  were  made  in  a  pressure 
vessel.  The  sample  and  a  standard  of  known  g^,  were  placed  in 
the  chamber  fffled  with  ofl.  The  static  pressure  is  increased  to  the 
desired  level  and  an  ac  hydrostatic  pressure  of  400  Hz  was 
generated  using  a  volume  expander.  The  response  of  the  standard 
arxJ  sample  to  the  ac  hydrostatic  pressure  was  recorded  using  a 
lock-in  amplifier,  »id  corrections  were  made  to  both  by  noting  the 
stray  capacitance  of  each.  The  g^  of  the  sample  was  then 
determined  from  using  the  relationship: 

Oh  =  (VV.t) 

9h»  •  V, ,  t,  are  respectively  the  hydrostatic  voltage 
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coefficient,  the  voltage  generated  by  the  starxjard  and  the 
thickness  of  the  standard,  and  V  and  t  are  the  voltage  generated 
by  the  sample  and  the  sample  thickness  respectively.  The  average 
value  of  piezoelectric  djj  coefficient  was  measured  using  a 
Bertncourt  dgj  meter  (model  CPDT  3300,  Channel  Products,  Ire 
Chagrin  Fall,  Ohio). 


RESULTS  and  DISCUSSION 

The  X-ray  diffraction  patterns  of  the  powders  calcined  at  75Crc 
are  shown  in  Fig.  1 .  Only  gel-processed  material  produced  single 
phase  lead  titanate  at  this  temperature.  Both  the  attrition  milled 
and  copredpitated  powders  showed  the  presence  of  trace 
anrxxjnts  of  unreact^  lead  oxide.  However,  all  three  materials 
exhibited  single  phase  lead  titanate  at  the  sintenng  temperature  of 
1050fO. 


Fig  .1  -  XRD  diffraction  patterns  of  precursor 
powders  heated  to  750°C:  (a)  attrition  milled,  (b) 
co-precipitated  and  (c)  gel  processed. 

The  SEM  micrographs  of  the  gel-derived,  copredpitated  and 
attrition  milled  powders  heat  treated  at  750°C  ae  shown  in  Fig.  2. 
The  gel  processed  material  produced  had  agglomerated  particles 
ranging  from  1-100  pm  in  size.  Most  grains  have  a  smooth  glass¬ 
like  surface  and  exhibit  microporosity  and  microcracking.  A  closer 
examination  of  the  material  reveals  the  formation  of  PbTiOj  crystals 
in  a  glassy  type  matrix.  Green  discs  made  from  these  powders 
could  rxjt  be  sintered  to  >  90%  of  the  theoretical  density. 
However,  afta  attrition  milling  this  material  for  30-45  minutes  the 
sintaed  densities  of  the  pellets  improved  significantly  (>  96%). 
This  is  due  to  the  removal  of  internal  miao-porosity  in  the  particles 
via  attrition  milling. 

The  powders  prepared  by  chemical  copredpitation  and  dried 
at  75Crc  produce  irregularly  shaped  partides  and  small  lumps 
ranging  b^een  1  pm  and  100  pm  in  size.  Those  in  excess  of  10 
pm  were  usually  multi-phase.  Some  of  the  agglomerates  have  an 
alnrxjst  granular  appearance  and  a  few  of  the  smaller  agglomerates 
have  elongated  platelets  of  PbO,  thus  indicating  compositional 
inhofTXDgeneity.  Like  gel-processed  materials,  these  powders  also 
required  attrition  milling  for  30-45  minutes  to  produce  pellets  having 
densities  in  excess  of  95%  of  the  theoretical  value. 


Fig  .2  -  SEM  micrographs  (a,b)  gel  processed, 
(c)  co-precipitated  and  (d)  attrition  milled 
powders  heated  to  750“C 


The  powders  produced  via  attrition  milling  and  dried  at  75CrC 
mainly  consist  of  PbTiOj  crystals  bourxj  together.  The  individual 
grains  are  from  0.5  to  4  pm.  Only  trace  amounts  of  PbO  were 
detected.  It  wras  impossible  to  produce  sintered  discs  having 
densities  in  excess  of  93%  even  after  re-attrition  milling  for  an  hour 
using  tfiese  powders;  however  addition  of  approximately  1-2 
weight  percent  excess  PbO  in  the  cakaried  powders  improved  the 
sintered  densities  to  >  96%  of  the  theoreti^  value. 

Fractured  surfaces  of  the  sintered  samples  were  also 
examined  using  SEM.  The  miaographs  indicated  intragranular 
fracture  arxJ  low  porosity  in  all  three  case.  The  pores  generally 
remained  less  than  2-5  pm  in  size. 

Results  from  the  dielectric,  piezoelectric  and  pyroelectric 
property  measurements  are  given  in  Table  1 .  Typical  examples  of 
both  the  radial  and  thickness  mode  resonance  plots  along  with  a 
polyrxxnial  least  square  fit  (13)  to  the  experimental  data  are  also 
sfxWi  in  Fig.3.  The  results  dearly  indicate  that  these  materials 
posses  attractive  properties  for  potential  applications  in  various 
practical  devices.  For  example,  sintered  and  poled  discs  made 
from  the  three  different  powders  exhibited  very  small  radial  mode 
coupling  coefficients  kp  (.012-.032)and  large  thickness  mode 
coupling  coefficients  k,  (0.42-0.52).  Also  the  ratio  of  the  coupling 
coefficients  k,/kp  in  all  three  cases  is  fairly  large  (=13-42).  These 
features  enable  effident  coupling  between  transducer  and  medium 
without  interference  from  undesirable  modes,  providing  improved 
resolution  (larger  signal  to  noise  ratio),  hence  greater  detectability 
for  norxiestructive  testing  (NOT)  applications.  The  higher  signd 
resolution  also  suggests  that  transducers  made  from  these 
materials  for  medical  diagnostics  applications  can  be  operated  at 
a  lower  drive  level  making  ultrasonic  imaging  a  safer  diagnostic 
tool.  The  large  values  for  longitudinal  piezoelectric  constant,  djj, 
(=71  to  88x10  ’^  and  relatively  much  smaller  lateral  piezoelectric 
constants,  dj,  (-1.145  to  -3.21x10  ’^)  imply  that  the  hydrostatic 
piezoelectric  coeffident. 
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Table  1.  Dldoclric  Piezoelectrtc  and  Pyroelectric  properties 


cV  =  CI33  +  2d,, 


Piopecties 

Gel 

Coppt 

MIed 

Denely  (10^ 

6.88 

877 

897 

PdBson’s  lalio  0^ 

0.210 

0212 

0218 

Curie  tetnpeiaiue  fC) 

2S0 

280 

265 

Mech.  qu^iactorOm 

78 

85 

126 

dielectric  const  @  1  KHz 
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198 
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0.014 

0.025 

0.027 

•'33 

186 

1.85 

1  75 

*'33 

1.37 

147 

1.31 

Coupling  (actors 

kp 

0.015 

0032 

0.012 

k, 

0.46 

0.42 

0.52 

k,/kp 

Piezobiect  const 

30.52 

13.26 

422 

dj,  (XIO’^CN’) 

-1.53 

-321 

-1.15 

d33  ^lO’^CN') 

dh  0*  10  CH’  )  @10  MPa 

79 

71 

88 

506 

41.50 

5850 

0^  (X  10  ^  V  m  isr' )  ■ 

24  25 

1990 

28.8 

ac(,(x10«m^N’)  • 

1228 

824 

1686 

Elastic  properties 

S^„  (xIO’^m'M'  ) 

8.27 

8.18 

752 

S^,j  (X  10  '*  m*  H’  ) 

•1.74 

-1  73 

-163 

C°33  (xIO”  Nm* ) 

1.41 

1.38 

1.6 

Q„ 

-296 

-622 

-1041 

Q.2 

-329 

-708 

-1364 

Pyroeloctric  coeff.  (p) 

(X  10"*  Cm*  K' )  @  5ffC 

4.9 

4.5 

1.4 

Fig  .3  -  Conductance,  susceptance  and 
reactance  as  a  function  of  frequency  for  a  gel- 
processed  piezoelectric  resonator:  (a)  radial 
mode  (b)  thickness  mode. 


is  only  skghdy  smater  than  d,,.  These  characteristics  coupled  with 
a  low  ii'iechanical  quafity  factor  (75-125}  and  a  low  dielectric 
constart  (<  210)  make  them  suitable  for  under  water  transducer 
applications.  The  rneasured  hydrostatic  voltage  coefficierit  and 
the  product  a,cl^.  are  more  than  an  order  of 


Fig  .4  -  Variation  of  (a)  g^  and  (b)  g„d„  as  a 
function  of  applied  pressure  for  materials 
produced  using  gel-processed,  co-precipitated 
and  attrition  milled  powders. 

magnitude  higher  (Fig.  4)  than  commercially  available  PZT 
ceramics  (16).  The  g^  and  d^  values  only  varied  sfghtly  with 
increasing  hydrostatic  pxessure,  ho\«ever,  these  parameters 
showed  significant  deperidence  on  the  methods  for  producing  the 
precursor  powders.  The  g^d^  values  for  sintered  and  poled 
specimens  produced  from  attrition  milled  powders  were  tvKice 
those  measured  for  copredpitated  materials.  The  large  anisotropy 
in  various  coupling  modes  of  these  materials  is  also  very  useful  as 
it  allows  transducer  designs  with  sinple  flat  plates  as  opposed  to 
hollow  cyiirxlrical  or  spherical  geometries  cornnriorTty  used  with  PZT 
ceramics.  The  measured  pyroelectric  coefficients  (p)  of  these 
materials  are  also  comparable  or  si43erior  to  many  leading 
pyroelectric  ceramics  eg.  bTaO,,  PZT,  PZT-PZN,  TGS, 
{Pb,Ba)Ti03,  (Pb,Sr)Ti03  etc.  (17-20).  The  high  pyroelectric 
coefficients  and  the  low  dielectric  constants  (<210)  of  these 
materials  make  them  very  attractive  for  various  infrared  detection 
and  thermal  imaging  device  applications. 

The  dielectric,  piezoelectric  and  pyroelectric  properties  of  the 
materials  investigated  also  showed  oependence  upon  the  methods 
used  to  prepare  the  precursor  powdere.  Discs  produced  using  the 
attrition  milled  powders  provided  the  highest  K,,  d,,,  d,,  arxJ  g^ 
values.  These  discs  also  displayed  the  lowest  kp  d,,  arti  dielectric 
constarTt  The  relatively  superior  piezoelectric  properties  for  attrition 
milled  materials  could  be  due  to  the  excess  PbO  used  to  improve 
the  sirrtered  densities  as  discussed  in  the  previous  section. 
Mendiola  et  al.  (21)  have  previously  suggested  that  the  possible 
preserxje  of  unreacted  PbO  in  the  grain  boundaries  of  the  modified 
lead  titanate  ceramics,  presumably,  promoted  high  preferential 
rotation  of  90°  domains  during  poling  treatment  and  yielded  an 
unusually  large  k,/kp  value. 

The  gel-processed  materials  displayed  the  highest  pyroelectric 
coefficient  and  lowest  mechanical  quality  factor  (Q„,)  arxl  dielectric 
loss  or  dissipation  (tan  6).  In  general,  sanples  produced  from 


copreciptt^ted  powders  exhibited  relatively  inferior  piezueiodnc 
properties.  This  could  be  related  to  the  compositional 
inhomogeneities  observed  m  the  microstructure  due  presumably 
to  the  variations  in  preapitation  kinetcs  or  undesirable  chemical 
reactions  as  discussed  earlier 


CONCLUSIONS 

The  above  studies  indicate  that  ariKing  the  three  processing 
methods  gel  processing  provides  the  most  reactive  precusor 
powders.  These  powders  when  heat  treated  to  750C  produce 
single  phase  lead  trtanate;  whereas  both  copreapitafed  and  attrition 
milled  powders  show  trace  amourits  of  unreacted  lead  oxide  at  this 
temperature. 

The  SEM  studies  indicate  that,  compared  with  conve.'itional 
attrition  milling,  the  chemically-derived  powders  contan  highly 
agglomerated  large  particles  (1-100y/m  in  size  as  opposed  to  <  5 
pm  for  attrition-milled  material)  vi/hen  heat  treated  to  750C 
However,  the  chemically-derived  material  can  easily  be  crushed  to 
yield  a  submicron  partcle  size  that  can  provide  high  density 
sintered  discs  (=97%  of  the  theoretical)  When  heat-treated,  the 
chemically-derived  powders  display  microporosity  and 
miCTOCTackirg  presumably  due  to  the  decomposition  of  the 
organics  which  rr^y  explan  the  observed  high  suiface  aea  of 
these  powders  (12)  The  chemically  derived  powders  also  exhibit 
a  titania-rich  glassy  phase  that  may  be  responsible  for  the 
observed  higher  sirrtered  densities  compaed  with  the  attrition- 
milled  material.  However,  attrition  milled  materials  can  be  sintered 
to  high  densities  (>96%)  using  excess  PbO  (1-2  wt%). 
Microstructural  studies  also  revealed  compositional 
inhomogeneities  in  the  copredpitated  precursor  powders. 

The  dielectric,  piezoelectric  and  pyroelectric  properties 
materials  are  also  significantly  influenced  by  the  methods  used  to 
produce  the  precursor  powders  Attrition  milled  materials  exhibit  the 
rTKJSt  favourable  piezoelectric  propertes;  however,  gel  processed 
materials  display  the  highest  pyroelectric  coetfiaent.  Compared  to 
the  leading  commercial  product  (PZT),  these  matenals  possess 
many  attractive  properties  for  possible  exploitation  in  a  variety  of 
electromechanical  and  thermal  detection  and  Imaging  devices. 

ACKNOWLEDGMENTS 

The  authors  acknowledge  the  technical  assistance  of  their 
colleagues  in  the  Mineral  Sciences  Laboratories,  E.M  &  R, 
CANMET,  in  particular  Dr.  J.T.  Szyamanski  and  Mr.  P  Carriere  for 
providing  XRD  data  on  the  powders  and  Mr  A  G.  McDonald  for 
powder  preparations.  The  authors  would  also  like  to  thank  Dr  A  K. 
Kuriakose  of  the  Mineral  Sciences  Laboratories  for  very  stimulating 
and  invaluable  discussions  throughout  the  course  of  this  work 


REFERENCES 

1.  Y.  Yamashita,  K,  Yokoyama,  H.  Honda  and  T.  Takahashi, 
”(Pb,Ca)  (Co,  ,2  W,^j),Ti03)  Ceramics  and  their  Applications"; 
Jap.  J.  Appl.  Phys.  20  (Supplement  20-4),  pp  183-187;  1981. 

2.  Y.  Ito,  H.  Takeuchi,  K.  Nagatsuma,  S.  Jyomura  and  S. 

Ashida,  "Surface  Acoustic  Wave  Properties  Of 

(Pb,Ln)(Ti.Mn,ln)03  Ceramics  (Ln  =  ua  and  Nd)",  J.  Appl 


Pf  iys  52i5)  3223  3228  1981 

3  N  Ictnnose,  Eiertionic  Ceiamics  for  Sensors',  Amer  Ceram. 
Soc  Bull  64(12/  138M585  1986 

4  I  Ueda  and  S  Ikegami,  Piezoelectric  Properties  of  Modified 
PbTiO,  Ceramics  Jap  J  Appl  Phys  7(3)  236-242,  1968. 

5  S  Ikegami  I  Ueda  and  T  Nagata,  Electromechanical 
Properties  of  PbTiO^  Ceramics  Containing  La  ard  Mn";  J 
Acoust  Soc  of  Amenca  50(4)  (Part  1)  1060-1066,  1971. 

6  I.  Ueda,  "Effect  of  Additives  on  Piezoelectric  and  Related 
Properties  of  PbTiO.  Ceramics",  Jap  J  Appl  Phys 
11(4)450462.  1972 

7  C  J  Brinker,  D  E  Clark,  D  R  Ulnch  "Be**er  Ceramics 

Through  Chemistry  ,  Material  Research  Society  Symposium 
Proceedings  Volume  32,  (1984) 

8  C  J.  Brinker.  D  E  Clark,  D  R  Ulrich  Better  Ceramics 

Through  Chemistry  II  ',  Material  Research  Society 

Symposium  Proceedings  Volume  73,  (1986) 

9  C  J  Brinker,  D  E  Clark,  D  R  Ulncfi  Better  Ceramics 

Through  Chemistry  III  Material  Research  Society 

Symposium  Proceedings  Volume  121,  (1988) 

10  LL  Hench  and  D  R  Ulrich  Ultrastructure  Prrcessing  of 
Ceramics.  Glasses  and  Composites  ';  John  Wiley  &  Sons,  Inc 
New  York  (1984) 

11.  J  D  Mackenzie  and  D  R  Ulnch  Utrastructure  Processing  of 
Advanced  Ceramics"  ,  John  Wiley  &  Sons,  Inc  New  York 
(1988) 

12.  A.  Ahmad,  K  Besso,  S  Chehab.  T  A  Wheat  and  D  Napier, 
"Chemical  Processing  of  Modified  Lead  Titanate";  J  Mater 
So  25  5298-5302,  1990 

13.  S,  Sherrit,  N  Gauthier,  H  D  Wiedenck,  B  K.  Mukherjee, 
"Accurate  Evaluation  of  the  Real  and  Imaginary  Material 
Constant  for  Piezoelectric  Resonata  in  Radi^  Mode"; 
Ferroelectncs.  119;17-32.  1991. 

14.  J  G.  Smits,  'Iterative  Method  fa  Accurate  Determination  of 
Rea)  and  Imaginary  Parts  of  Material  Coefficients  of 
Piezoelectric  Ceramics":  IEEE  Trans.  On  Soncs  and 
Ultrasonics,  SU-23;393-402,  1976. 

15.  R.L  Byer,  CB  Roundy,  "Pyroelectric  Coefficient  Direct 
Measurement  Technique";  Ferroelectric  3  333-338,  1972 

16.  A.  Safan  "Perforated  PZT- Polymer  Composites  with  3-1  and 
3-2  Connectivity  for  Hydrophone  Applications";  Ph  D,  Ihesis, 
The  Pennsylvania  State  University,  USA,  1983 

17.  A  S.  Bhalla,  R  E  Newnham,  LE,  Cross,  W.A  Schulze,  J.P 
Dougherty  and  WA.  Smith.  "Pyroelectric  PZT-Polymer 
Composites",  Ferroelectncs  33  139-146,  1981. 

18.  R.W.  Whatmore.  "Pyroelectric  Devices  and  Matenals";  Rep. 
Prog  Phys  49;1335-1386;  1986 

19.  V.M.  Jamadar,  T  A  Patil  and  S  H  Chavan,  "Pyroelectric 
Properties  of  Lead-Barium  and  Lead-Strontium  Titante";  Bull 
Mater  Sd  (India);  9(4)  249-253;  1987 

20.  T.  Shiosaki,  J  ban,  M.  Adachi  and  A.  Kawabata,  "Pyroelectnc 
and  Ferroelectric  Properties  m  the  PZT-Pb(Zn,,3Nb2  JOj 
System";  Ferroelectrics;  92  23-28;  1989. 

21.  J  Mendiola,  M.L  Pardo  and  L.  Del  Oimo,  "Electric  Poling 
Effect  on  Piezoeledncity  of  Calaum  Modified  Lead  Titanate 
Ceramics";  Ferroelectncs;  29;1249-1252;  1988. 


Fabrication  and  Piezoelectric  Properties  of  PZT 
Ceramics  Prepared  by  Partial  Oxalate  Method 


Hyo  Duk  Na**  and  Hee  Young  Lee* 

Departments  of  Electronic  Engineering*  and  Materials  Science 
and  Engineering*,  Yeungnaa  University,  kyongsan,  712-749,  Korea 


Abstract 

Pb(Zr,Ti)03  powders  were  synthesized  by  the  partial 
oxalate  method  and  the  modified  partial  oxalate  method, 
where  the  difference  between  the  two  is  the  use  of 
pre-reacted  (Zr,Ti)02  in  the  former  method.  Ilhen 
compared  with  conventional  mixed  oxide  method, 
calcination  temperature  can  be  reduced  to  less  than  700 
’C  by  both  partial  oxalate  methods,  and  the  resulting 
particle  size  was  finer  and  more  uniform.  Using  partial 
oxalate-derived  PZT  powders,  sintering  temperatures  can 
also  be  reduced  as  low  as  950'C  without  sacrificing 
desired  dielectric  and  piezoelectric  proper; 'es.  such  as 
relative  permittivity,  electromechanica  coupling 
factor,  and  piezoelectric  coefficient.  Two  partial 
oxalate  methods  yield  ceramics  with  almost  the  same 
physical  and  electrical  properties,  so  that  the  step  of 
producing  ZTO  powder  does  not  seem  to  be  necessary. 

1.  Introduction 

Today,  most  of  PZT  ceramics  are  still  fabricated  from 
PZT  powder  obtained  by  calcining  PbO,  Zr02.  and  TiOz 
powder  mixture*  >,  although  PZT  powder  f-"om 
chemically-derived  precursor  such  as  alkoxide,  oxalate, 
or  sol-gel  is  available  to  some  extent.  The  latter  has 
been  developed  to  improve  the  uniformity,  purity  and 
particle  shape,  ^tnd  to  obtain  smaller  particle  size  and 
narrow  distribution  of  resulting  PZT  powder.  The  fine 
and  uniform  powder  synthesized  by  such  chemical  methods 
is  advantageous  in  many  engineering  applications  as 
lower  firing  temperature  and  improved  reproducibility  of 
properties  Cein  be  realized.  However,  such  chemical 
synthesis  is  not  suitable  for  mass  production  due  to  low 
yield  and  high  cost  of  powder. 

The  pure  chemical  methods^*  have  shown  a  lack  of 
productivity  and  the  mechanical  milling  of 
conventionally  calcined  powder^)  have  demonstrated  a 
lack  of  purity  of  the  resul ting  product.  Therefore,  it 
has  been  necessary  to  develop  novel  processes  to  combine 
the  advantages  and  to  eliminate  the  disadvantages 
of  the  two  techniques.  An  exampie  of  newly  developed 
chemical  methods  is  the  multi-stage  coprecipitation 
method  proposed  by  Watanabe  et  al.** 

Recently,  Yamamoto  et  al.5-6)  proposed  the  partial 


oxalate  method  which  combined  the  conventional  mixed 
oxide  method  and  the  chemical  method  for  the  synthesis 
of  PZT  powder.  In  this  method,  Zro  ssTio  47O2  is  used 
as  starting  material  with  lead  oxalate  prepared  from 
lead  nitrate  and  oxalate  solution.  This  approach 
attempted  to  produce  the  most  active  parts  by  the 
chemical  method  and  bypass  the  conventional  reaction 
process,  and  thereby  eliminating  the  formation  of 
PbTiOa^*  which  is  formed  as  an  intermediate  product 
during  firing  of  the  mixed  oxide  powder. 

In  this  paper,  the  synthesis  and  low  temperature 
firing  of  fine  PZT  powder  is  presented.  We  have  used 
both  the  partial  oxalate  method  which  was  originally 
proposed  by  Yamamoto  and  the  modified  partial  oxalate 
method  to  synthesize  PZT  powder,  and  have  investigated 
the  dielectric  and  piezoelectric  properties  of  PZT 
ceramics.  The  reaction  mechanisms  for  the  formation  of 
PZT  powder  througli  the  partial  oxalate  method  are  being 
proposed.  Finally,  the  piezoelectric  properties  of  PZT 
ceramics  prepared  by  both  the  partial  oxaiale  metncxis 
and  the  conventional  mixed  oxide  method  are  compared  as 
well  as  the  firing  temperatures. 

2.  Experimental  Procedure 

The  chemical  composition  used  in  this  study  is  given 
below.  Raw  materials  were  high  purity  PbO,  Zr02,  TiOz, 
Pb(N03)2,  (COOH)2  ZHzO  and  NbzOs  chemicals.  The  types 
and  characteristics  of  raw  materials  used  in  this  study 
were  summerized  in  Table  1. 

Pb(Zro.  szTio,  47  )03  ‘  0,5  molx  Nb205 
or  Pb(Zro .  53T1 0  47  )hbo. 0 1 03  (1) 

In  the  partial  oxalate  method,  the  first  of  three 
methods  tried  in  this  study,  weighed  ZrOz  and  TiOz 
powders  in  molar  proportion  of  0.53  ;  0.47  were  mixed 
for  6  hours  by  wet  ball  milling,  followed  by  calcination 
at  ]300"C  for  3  hours  to  form  (Zro  53  Tio  47)02  solid 
solution  (ZTO).  In  addition,  ZrOz  and  Ti02  powder 
mixture  doped  with  0.5  mol  s  NbzOs  powder  was  also 
calcined  at  1300'C  (NZTO)  .  In  this  study,  we  have  used 
NZTO  powders  prepared  by  the  above  method  and/or 
purchased  from  Sakai  Chemical  Co.  ,  Japan.  Instead  of 
PbO,  lead  oxalate  prepared  by  mixing  lead  nitrate  and 
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Table  Raw  materials  used  for  various  PZT 

preparation  ■lethods. 


Method 

Raw  Materials  ^  , 

M  i  xed 
Oxide 
let  hod 

Partial 

Oxalate 

Method 

Modi  fled 
Par  Oxa. 
Method 

Cht  mi  cal 

nsol/tmi 

PZT 

P  CTd)* 

PZ-T(l) 

P-CT(2) 

PbO 

3.63 

0 

Zr02 

0.70 

0 

0 

Ti02 

1.18 

0 

0 

Nb20. 

0.56 

• 

• 

• 

(COOH)2  2H2O  - 

0 

0 

0 

rb(N03)2 

. 

0 

0 

0 

CTO 

1,62 

0 

NZTO 

0,33 

0 

PbC* 

0,01 

_ 

*  Preliminary  experiments  showed  similar  characte¬ 
ristics  for  two  combinations  shown  here,  and 
therefore  NZTO  purchased  from  Sakai  Chemical  Co.  was 
used  throuKhout  the  study. 

*  Powder  produced  by  thermal  decomposition  of  lead 
oxalate  prec i pi 'ates. 


TiO|  ^fctO$ 

zri:! — Lif-' 


I  I  Sir 

/  I  ^ 

el  lk>d(  I  ) 

[  calcination  I  1300”C/3hr 


ef  hod(  JL) 


!(Zr.Ti)ft  [NCTOll 


j  Synthaaia  digestion/lOhr 

1 - 

later  ffaohing 

Calciiwtion  650  7S0°C/iahr 


oxalic  acid  aqueous  solution  was  used  in  this  method. 

At  first,  ZTO  or  NZTO  powder  was  dispersed  in  1  mol 
oxalic  acid  aqueous  solution.  and  1  mol  lead  nitrate 
solution  was  dropped  into  the  solution  to  form  fine  lead 
oxalate  particles  which  piec i pi tated  onto  rather  large 
ZT*^  particles.  Then.  ZTO  precipitates  coated  with  letd 
oxalate  was  washed  with  distilled  water  until  NO-^-  ion 
was  not  deic^'ed  in  wa.'-.hing  liquid,  followed  by  drying 
and  calcining  at  650  ~  750'C  for  the  formation  reaction 
of  PZT.  The  ball -mil  ling  of  calcined  PZT  aggiomerates 
was  necessary  to  obtain  fine  PZT  powder. 

The  modified  partial  oxalate  method  was  devised  to 
eliminate  energy-consuming  reaction  >.  f  ZTO  or  NZTO 
prouuction.  In  this  method,  the  mixture  of  ZrOj.  TiOj 
and/or  Nb205  particles  replace  ZTO  or  NZTO  of  the 
partial  oxalate  method.  The  detailed  explanation  of  two 
P''ocesses  are  shown  in  Fig.  1. 

The  third  method  to  obtain  PZT  powder  was  the 
well-known  solid  state  reaction  technique  of  mixed 
oxides.  The  powder  produced  by  this  method  was  used  to 
make  PZT  ceramic  in  order  to  compare  its  properties  with 
those  prepared  by  partial  oxalate  methods. 

The  shape  and  size  of  synthesized  powder  wer  e  observed 
using  scanning  electron  microscope,  and  the  distribution 
of  particle  size  was  examined  using  particle  size 
analyzer  utilizing  centrifugal  sedimentation.  Phase 
analysis  of  the  powder  was  done  by  X-ray  diffractometer. 
Sintering  behavior  of  the  powder  was  examined  by 
pressing  the  powder  into  the  pellet  at  98  MPa  and  firing 
at  850  1200'C  for  three  hours.  Bulk  density, 
crystal  structure,  dielectric  and  piezoelectric 
properties,  and  poling  behavior  of  PZT  ceramics  were 
then  examined.  Fired-on  silver  paste  was  applied  onto 
two  faces  of  discs  by  heat  treatment  at  800'C  for  10 
minutes.  Poling  was  performed  by  immersing  the  ceramic 
into  silicone  oil  at  130'C  and  applying  3  kV/mm  field. 


Crushing  I  ball  ■ill/6hr 

•W -  bindsrfP.  V.A,> 

Forwing  -  98  Ws 

Sintering  850  ~  1200«C/3hr 


Fig.  1.  Flow  chart  of  PZT  preparation  by  partial  oxalate  method!  1) 
a-d  modified  partial  oxalate  method! HI 


3.  Results  and  Discussion 


In  order  to  study  the  decomposition  and/or  phase 
transformation  reactions  for  lead  oxalate  obtained  from 
mixing  lead  nitrate  and  oxalic  acid,  thermogravimetric 
and  differential  thermal  analysis  were  made,  and  the 
results  are  shown  in  Fig,  2.  An  exothermic  peak  at  425 
*C  is  due  to  the  formation  of  free  PbO,  and  an 
endothermic  peak  at  900‘C  is  due  to  melting  of  PbO. 
Above  900'C  weight  loss  due  to  evaporation  of  PbO  is 
evident  from  TGA  curve.  Therefore,  the  PZT  formation  in 
partial  oxalate  methods  may  be  postulated  as  the  series 
of  following  reactions. 

0.53  Zr02  ♦  0.47  Ti02  — »  (Zro  53Tio,  47  )02  (2) 

Pb(W3)2i.,)  *  (C00H)2  2H20(.,)  -• 

PbC204(si  i  *  2  HNOji,,)  (3) 

PbC204  ‘1^  02  -*  PbO  *  2  CO2  (4) 

PbO  ♦  (Zro.  53Tio  47  )02  -♦  Pb(Zro  53Tio  47)03  (5) 

or 

Pb(N03)2!.,)  ‘  (C00H)2  2H20(,,)  ’  ((Zr02/Ti02)]  -> 

PbC204(s)  1  •  [(Zr02/Ti02)  mixture}  •  2  HNOoi,,)  (6) 
PbC204  *  ^  02  —  PbO  •  2  CO2  17) 

PbO  ♦  [(Zr02/Ti02)  mixture}  -*  Pb(Zr.Ti)03  (8) 


Froa  Fig.  2,  one  can  see  that  reactions  (4)  and  (7) 
occurred  at  about  -iZS'C.  whereas  PZT  foraation  reactions 
(5)  and  (8)  start  to  occur  at  600X^,  which  was  confiraed 
by  the  endotheraic  peak  of  OTA  curve  for  the  saae  systea 
reported  by  Yaaaaoto  et  ai.<)  In  addition,  XRD  patterns 
revealed  the  formation  of  PZT  perovskite  phase  for 
partial  oxalate  aethods  started  to  occur  in  the 
temperature  range  of  650  700’C.  This  is  much  lower 
than  the  temperature  range  for  mixed  oxide  method,  where 
typical  value  is  in  the  range  of  850  OOOXT. 

The  lowering  of  PZT  formation  temperature  in  partial 
oxalate  methods  can  be  explained  by  the  following. 
First  of  all,  in  mixed  oxide  method,  as  temperature 
increases,  PbTiOs  tends  to  be  formed  as  an  intermediate 
product^*,  which  then  reacts  with  remaining  Zr02  to  fora 
PZT  at  a  higher  temperature.  On  the  other  hand,  in  the 
partial  oxalate  method,  ZTO  powder  is  used  to  avoid  the 
formation  of  PbTiOa,  and  therefore  PZT  is  formed  at  a 
lower  temperature.  In  addition,  the  use  of  ultra  fine 
PbO  powder  produced  by  the  pyrolysis  of  lead  oxalate 
powder  may  lower  the  calcination  temperature,  since  the 
diffusion  path  is  reduced  in  a  great  deal. 

Average  particle  sizes  of  calcined  PZT  powders 
prepared  by  various  methods  used  in  this  study  are  0.94 
(im  for  conventional  mixed  oxide  method,  0.47  //m  for 
partial  oxalate  method,  and  0.52  pm  for  modified  partial 
oxalate  method.  Calcination  temperatures  were  850  *C 
for  mixed  oxide  and  710*C  for  both  oxalate  methods.  It 
is  evident  that  two  partial  oxalate  methods  yield  finer 
particles  than  conventional  mixed  oxide  method. 

In  Fig.  3,  the  temperature  dependence  of  bulk 
densities  of  ceramics  fired  over  the  temperature  range 
of  850  ~  1200'C  is  demonstrated  for  various  preparation 
methods.  In  Fig.  3  and  the  following  figures,  same 
symbols  are  used  to  denote  various  powder  preparation 
routes.  Solid  dot.  open  square  and  triangle  represent 
mixed  oxide  [PZT],  partial  oxalate  [PZT(l)]  and 
modified  partial  oxalate-derived  powders  [PZT{2)]. 
respectively,  PZT  powders  synthesized  by  two  partial 
oxalate  methods  show  similar  sintering  behavior,  whereas 


200  400  600  800  1000 
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Fig. 2,  DTt  and  TGA  curves  of  lead  oxalate  powder. 


the  powder  obtained  by  mixed  oxide  method  shows  much 
sluggish  sintering  kinetics,  and  as  a  result,  higher 
temperatures  are  necessary  to  obtain  the  same  sintering 
densities.  It  is  noted  that  almost  full  density  is 
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Fig. 3.  Bulk  density  of  I'ZT  ceraaics  as  a  function  of 
sintering  teaperalure  for  powders  derived  by  different 
aethods. 
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Fig. 4.  Average  grain  sizes  of  PZT  ceraaics  as  a 
function  of  sintering  teaperature. 
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temperature  T  [»C] 

Fig. 5.  Teaperature  dependence  of  relative  peraittivity 
for  saaples  prepared  u-sing  aodified  partial 
oxalate-derived  PZT  powder  at  various  sintering 
teaperature. 


realized  at  as  low  as  950'C  for  partial  oxalate  derived 
powder,  whereas  the  same  density  is  possible  at  above 
1050‘C  for  nixed  oxide-derived  PIT  powder.  This  result 
again  reflects  the  fact  that  the  partial  oxalate-derived 
powders  are  smaller  in  size  and  chemically  more  uniform 
so  that  the  densi  fication  can  be  accomplished  at  lower 
temperatures. 

Average  grain  sizes  determined  from  the  figure  by  line 
intercept  method  are  plotted  against  the  sintering 
temperature  in  Fig.  4.  It  is  clear  that  grain  growth 
occurs  at  lower  temperatures  for  partial  oxalate-derived 
powder  compacts. 

The  temperature  dependences  of  dielectric  constant 
and  Curie  temperature  for  ceramics  sintered  using 
modified  partial  oxalate-derived  powder  aie  shown  in 
Fig.  5.  It  is  found  that,  as  sintering  temperature 
increases,  Curie  temperature  decreases  whereas  the 
dielectric  constant  at  Curie  point  increases.  This 
result  is  in  good  agreement  with  that  reported  by 
Yamamoto  et  al.®>  for  the  similar  system.  Shrout  et 
al.®l  also  found  the  same  temperature  dependences  of 
dielectric  constant  and  Curie  temperature  for 
Pb(Mgi /3Nb2/3 )03  ceramic,  and  interpreted  the  data  in 
terms  of  average  grain  size  instead  of  sintering 
temperature.  However,  since  average  grain  size  is 
proportional  to  sintering  temperature  as  shown  in  Fig. 
4,  the  result  obtained  in  this  study  remains  consistent 
with  other  studies. 

For  the  sintered  samples  prepared  using  three  types 
of  PZT  powders,  the  sintering  temperature  dependence  of 
relative  permittivity  at  room  temperature  is  illustrated 
in  Fig.  6.  For  two  types  of  partiai  oxaiate  methods, 
relative  permittivity  reaches  maximum  at  about  1050'C 
whereas,  for  mixed  oxide  method,  the  same  happens  at 
1150‘C.  This  result  is  in  accord  with  Fig.  3.  where 
bulk  density  values  for  three  methods  shows  similar 
trend.  The  fact  that  relative  permittivity  and  bulk 
density  show  similar  temperature  dependence  can  be 
interpreted  due  to  the  influence  of  pores. 

Electromechanical  coupling  factors  for  three  types  of 
PZT  ceramics  are  shown  in  Fig.  7  as  a  function  of 
sintering  temperature.  It  is  noticeable  that  the 
coupling  factors  for  all  samples  generally  increase  with 
sintering  temperature.  However,  two  partial  oxalate 
methods  appear  to  be  better  than  mixed  oxide  method 
since  the  maximum  values  of  the  former  happen  at  about 
100‘C  lower  than  that  of  the  latter.  This  trend  is 
similar  to  that  of  dielectric  constant,  and  is  again  the 
consequence  of  decrease  of  sintering  temperature  for  the 
same  bulk  density. 

Since  the  coupling  factor  of  0.55  is  sufficient  for 
most  piezoelectric  applications,  two  oartial  oxalate 
methods  can  be  more  adequate  in  practical  applications 
than  mixed  oxide  method.  The  sintering  temperature  for 
the  former  can  be  as  low  as  950'C.  whereas  that  for  the 
latter  must  be  higher  than  1050‘C. 
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Fig.6.  Relative  peraittivity  as  a  function  of 
sintering  temperature  for  three  types  of  samples. 
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Fig. 7.  Planar  coupling  factor  as  a  function  of 
sintering  temperature  for  three  types  of  samples. 
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Fig. 8.  Piezoelectric  constant  dsi  as  a  function  of 
sintering  temperature  for  three  types  of  samples. 


Piezoelectric  constants  dsi  for  three  types  of  saopies 
are  shown  in  Fig.  8,  which  is  iopurtant  in  actuaior 
application.  The  results  also  show  the  sieilar 
sintering  teaperature  dependence  as  relative 
peraittivity  and  electroaechanical  coupling  factor. 

Regianent  polarization  from  D  E  hysteresis  loops  for 
saaples  sintered  at  four  different  temperatures  using 
three  types  of  powders  is  plotted  in  Fig.  9.  It  shows 
that  remanent  polarization  increases  with  sintering 
temperature.  This  temperature  dependence  again 
resembles  those  in  relative  permittivity  and  bulk 
density.  From  the  figure,  the  saturated  values  of 
remanent  polarization  are  25  30^/m  /cm^.  in 
addition,  from  Figs.  7  and  9,  one  can  find  that  remanent 
polarization  is  proportional  to  the  planar  coupling 
factor. 

4.  Conclusions 

From  the  results  found  in  this  study,  it  can  be 
concluded  that  two  partial  oxalate  methods  are  better 
techniques  to  produce  fine,  homogeneous  PZT  powder  than 
the  mixed  oxide  method  accompanied  by  ball  milling. 
Using  partial  oxalate -derived  PZT  powders,  sintering 
temperatures  can  be  reduced  as  low  as  950'C  without 
sacrificing  desired  dielectric  and  piezoelectric 
properties,  such  as  relative  permittivity, 
electromechanical  coupling  factor,  and  piezoelectric 
constant.  Two  partial  oxalate  methods  yield  ceramics 
with  almost  the  same  physical  and  electrical  properties, 
so  that  the  step  of  producing  ZTO  powder  does  not  seem 
to  be  necessary. 

Acknowledgement 

Authors  are  grateful  to  Korea  Research  Foundation  for 
its  financial  support  for  this  work  and  Prof.  Yamamoto 
of  National  Defense  Academy,  Japan  for  bis  helpful 
comments  and  supplying  many  valuable  literature  and 
data. 

References 

1.  B.Jaffe.  R.S.Roth.  and  S.  Marzul  lo,  "Piezoectric 
Properties  of  Lead  Zirconate  Lead  Titanate  Solid 
Solution  Ceramics".  J.  Appl .  Phys.  25.  809  810  (1954). 


OOO  060  nOO  1060  1100  1160  1Z00 

(Intwrlna  twmijerwtur*  Tm  [*C| 


Fig. 9.  Remanent  polarization  aa  a  function  of 
sintering  teaperature. 


2.  H.  Yamamura,  S.Kuramoto,  H.  Hanada,  A.Watanabe  and 
S.S  hirasaki,  "Preparation  of  PbIZr.TilOa  by  Oxalate 
Method  in  Ethanol  Solution."  J.  Ceram.  Soc.  Jpn. ,  94, 
470-74  (1986). 

3.  S.  Tashiro.  Y.  Tsuji  and  11.  Igarashi:  "Sintering 
of  Submicron  Pb( Zn, Nb. Fe, W  )03  Powders  and  Dielectric 
Propereties  of  the  Ceramics  Fabrticated  Therefrom".  J. 
Ceram.  Soc.  Jpn.,  96(5),  579  84(1988). 

4.  A.  katanabe,  S.kyramoto,  H. Yamamura,  H.Haneda  and 

S.  Shirasaki,  "Shyntesis  of  Pb(Mgi /3Nb2/3 )03  by 
Coprecipitation  Nietliixl”,  in  Proc.25th  Meeting  Basic 
Ceram..  3E04,  (1987). 

5.  T.  Yamamoto.  R.  Tanaka.  K.  Okazaki  and  T.  Ueyama. 
"Micro-  structure  of  Pb(Zro  53Tio. 47 )03  Ceramics 
Synthesized  by  Partial  Oxalate  Method  (Using 
Zro. ssTio  47O2  Hydrothermal  Produced  Powders  as  a  Core 
of  Pb(Zro.  saTio  47  )03  ).  "  Jpn.  J.  Appl.  Phys.. 
28[Supplement  28-2]  67-70  (1987) 

6.  T.  Yamamoto.  'Optimum  Preparation  Methods  for 
Piezoelectric  Ceramics  and  Their  Evaluation,"  Ceramic 
Bulletin,  71(6),  978-985  (1992). 

7.  Matso,  Y.  ,  and  Sasaki.  H.  "Formtion  of  lead 
zirconate- lead  titanate  solid  solution".  J.  Amer.  Cer-nii. 
Soc.. 48. 289-296(1989). 

8.  S.  L.  Swartz.  T.  R.  Shrout.  W.  A.  Schulze,  and  L, 
E.  Cross,  "Dielectric  Properties  of  Lead -Magnesium 
Niobate  Ceramics."  J.  Am.  Ceram.  Soc..  67(5), 
311-15(1984), 


MICROSTRUCTURE  AND  PROPERTIES  OF 
Cr203  DOPED  LEAD  TITANATE  PIEZOCERAMICS 

Long  Wu,  Yi— Yeh  Lee  and  Chich— Kow  Liang 
Departmenk  of  Electrical  Engineering 
National  Cheng  Kung  University 
Tainan,  Taiwan,  R.O.C. 


Abstract 

The  chromium  addition  has  been 
investigated  extensively  in  the  PZT  type  ceramics 
but  seldom  mentioned  in  PT  type  ceramics.  In  this 
study,  the  effect  of  CrjOa  additives  (0 — 0.6  wt%) 
on  the  microstructure  and  electrical  properties  of 

'’'>0,88‘'"0.08('^‘0.98“"0.02)°3 
Ln=Nd,  La  is  discussed.  In  Nd  modified  PT 
ceramics,  the  chromium  ions  enter  into  the  lattice 
of  the  perovskite  structure.  They  are  taken  as  a 
grain  growth  promoter  and  accelerate  densiCcation 
in  microstructure  and  act  as  a  hardener  which 
favors  the  higher  mechanical  quality  factor,  lower 
dielectric  loss  and  lower  electrical  resistivity  in 
electrical  properties.  However,  in  the  La  modified 
PT  ceramics,  with  increasing  Cr203  additives  the 
tetragonality  c/a  and  the  Curie  temperature  Tc 
nearly  keep  no  change.  Thus,  the  chromium  ions 
maybe  tend  to  mostly  segregate  at  the  grain 
boundaries  and  act  as  grain  growth  inhibitor  and 
binder  responsible  for  the  increase  of  the  porosity, 
T 

dielectric  constant  €33  and  electrical  resistivity. 

Introduction 

Much  tentative  investigations  were  made  to 
improve  the  performance  of  PZT  type  ceramics 
after  the  fundamental  studies  by  Jaffe  et  al.. 
Typically  three  type  of  additives  are  classified  as 
softener,  hardener  and  stabilizer.  It  is  believed 
that  most  of  the  additives  enter  into  the  lattice  to 
a  certain  extent  and  thus  change  the  ceramic 
properties.  Tne  stabilizer  like  Cr203,  Mn02  and 
UsOg  on  the  electrophysical  aspect  is  still  a  special 
noted  issue.  Related  studies  included  Takahashi, 
Atkin,  Roy-Chowdhury  et  al.,  Ouchi  et  al.  and 
Cheon  et  al.*'®  Takahashi*  pointed  that  the 
Cr-group  impurities  have  the  combined  effect  of 
partial  doi  or  and  partial  acceptor  on  the 
electromechanical  properties  and  result  in  a  stable 
temperature  and  aging  characteristics.  It  is 
considered  .0  be  related  to  more  than  one  valence 
state  of  the  transition  ion  in  the  lattice. 

Lastly,  lead  titanate  ceramics  modified  by 
rare  earth  ions  are  concentrated  on  a  possibility  of 
the  applications  on  high  frequency  resonators  or 
filters  like  surface  and  bulk  acoustic  wave  devices. 
Takeuchi.®  and  Ito.^  et.  al.  have  systematically 
explored  the  modified  PbTiOs  ceramics  having  the 
general  formula  Pb^i_i.5x)Lnx(Ti^_yMny)03, 


with  Ln=La,  Nd,  Sm,  or  Gd.  Therefore,  the  two 
compositions  Pb^,  ofiNdn  naCTin 

(PNT)  and 

(PLT)  are  chosen  to  study  the  effect  of  the  Cr203 
additives  on  the  variations  of  the  microstructure 
and  electrical  properties. 

Experimental  procedure  and  measurement 

Two  types  of  ceramics  with  composition  (a) 

(b)Pbo  805  ^^0.13(’^‘0.98^^”0.02^  ^3  ^ 

Cr203  (x=0-0.6)  were  prepared  by  conventional 
processing  method  using  mixed  oxide  powders. 
After  wet  milling  for  6  hr,  the  mixture  was  dried 
and  calcined  at  880°C  for  2  hr.  The  green 
compacts  were  sintered  in  a  closed  alumina 
crucible  for  2hr  at  12000C.  The  poling  condition 
was  6  KV/mm  at  150®C  in  silicon  oil  for  10  min. 

The  mean  grain  size  was  obtained  by  line 
intercept  method  from  SEM  micrographs.  The 
porosity  was  calculated  from  the  density 
measurement  by  using  the  Archimedes  technique. 
Lattice  constant  was  determined  by  an  X-ray 
diffractometer  using  CuKa  radiation.  The 
temperature  dependence  of  electrical  permittivity 
€r  of  unpoled  samples  was  carried  out  in  the 
temperature  lange  of  50-400®C.  The  poled 

T 

dielectric  constant  633  and  dielectric  loss  tan  6e 
were  measured  at  1  KHz  using  HP4192  impedance 
analyzer.  The  planar  coupling  factor  kp  and 
mechanical  quality  factor  Qm  was  determined  by 
the  resonance  method  according  to  IRE  standard. 
The  thickness  coupling  factor  kt  was  calculated 
from  the  ratio  of  the  overtone  frequency  to  the 
fundamental  frequency  of  thickness  mode  using 

Onoe’s  table. 

Temperature  dependence  of  electrical 
resistivity  was  measured  by  the  two-point  method 
using  a  digital  multimeter  (Keithley  199)  and  a 
applied  DC  field  of  1  V/mm  in  the  temperature 
range  of  25 — SOO^C. 

Results  and  discussion 

fA.)_X-raY  measurement  and  microstructiire 

The  X-ray  diffraction  patterns  of  PNT  and 
PLT  ceramics  without  and  with  0.6  wt%  Cr203 
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additions  are  shown  in  Fig  1  respectively.  In 
contrast  to  no  evident  distinction  of  XRD  patterns 
in  PLT  ceramics,  the  (002)  and  (200)  peaks  of 
PNT  ceramics  doped  with  O.o  wt%  Cr20j 
additives  show  closer  than  that  without  doping.  So 
in  PNT  ceramics  the  tetragonality  c/a  has 
tendency  to  decrease  with  increasing 
concentrations  of  CrjOa  additives  but  c/a  keeps 
nearly  the  same  within  this  doping  range  in  PLT 
ceramics  as  shown  in  Fig  2.  It  is  concluded  that 
the  chromium  ions  are  soluble  in  the  perovskite 
structure  of  Nd  modified  lead  titanate  ceramics 
wWch  also  can  be  confirmed  by  Energy  Dispersive 
Spectrometer  (EDS)  analysis  but  maybe  tend  to 
mostly  segregate  at  the  grain  boundaries  in  PLT 
ceramics. 


Figure  1  X-ray  diffraction  patterns  of  (a)  PNT 
and  (b)  PLT  ceramics  without  and  with  0.6  wt% 
CrjOs  additives. 


The  variations  of  the  grain  size  and  porosity 
as  a  function  of  C12O3  concentrations  are  shown  in 
Fig  3.  Within  this  doping  range,  fine  grained 
ceramics  are  all  presented  in  PNT  ceramic?;  the 
grain  size  increases  from  0.98  urn  to  2.2  ftm  and 
the  porosity  decreases  form  2.5%  to  1.2%.  So,  the 
chromium  ions  are  taken  as  a  grain  growth 
promoter  and  accelerate  densificatfon.  In  PLT 
ceramics,  a  dense  and  fine-grained  raicrostructure 
can  be  reached  within  0.4  wt%  doping.  After  that, 
although  the  grain  size  keeps  similar,  the  porosity 


Cr203  (wtV.) 

Figure  2  Variation  of  the  tetragonality  of  PNT 
and  PLT  ceramics  as  a  function  of  CrjOs 
concentration. 


increases.  So,  it  is  suggested  that  these  additives 
act  as  grain  growth  inhibitor  and  binder. 
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Figure  3  Variation  of  the  average  grain  size  and 
porosity  of  PNT  and  PLT  ceramics  as  a  function 
of  CrjOs  concentration. 


(Bl  Electrical  properties 

(a)  PNT  ceramics:  The  Curie  temperature 
Tc  and  the  peak  dielectric  constant  emax  at  Tc 
determined  from  measurements  of  temperature 
dependence  of  dielectric  constant  in  unpoled 
samples  are  shown  in  Fig  4.  The  Curie 
temperature  Tc  is  decreased  with  increasing  the 
concentrations  of  Cr203,  but  Cmax  is  increased  with 
the  increase  of  doping. 

T 

The  poled  dielectric  constant  {G33  )  and 
dielectric  loss  (tan  6e)  as  a  function  of  CrjOs 

additives  are  shown  in  Fig  5.  The  variation  of  €33”^ 
is  nearly  comparable  to  the  variation  of  Gmax, 
which  results  from  the  ease  of  domain  wall  motion 
in  larger  grain  size.*  Due  to  the  porosity 
promoting  the  inner  friction  in  time  of  domain 
boundary  movement,  thus  the  dielectric  loss 
decreases  with  Cr203  additions. 
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Figure  4  Variation  of  the  Curie  temperature  Tc 
and  peak  dielectric  constant  Cmax  of  PNT  and  PLT 
ceramics  as  a  function  of  Cr203  concentrationin. 
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Figure  6  Variation  of  the  kp,  kt  and  Qm  of  PNT 
ceramics  as  a  function  of  CraOs  concentration. 
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Figure  5  Variation  of  the  e  3  j  and  tan  6e  of  PNT 
ceramics  as  a  tunction  of  Cr203  concentration. 


Fig  6  snows  the  dependence  of  mechanical 
quality  lactor  Qm,  planar  coupling  factor  kp  and 
thickness  coupling  factor  kt  on  the  Cr203 
additions.  The  mechanical  quality  factor  increased 
from  about  2000  without  doping  to  about  2200  at 
0.6  wt%  doping.  The  electric  (tan  ^e)  and 
mechanical  (l/Qm)  loss  exist  a  approximately 
linear  relationship  which  matches  the  loss 
mechanism  developed  in  PZT  ceramics. 9  ‘o  As  can 
be  seen,  the  thickness  coupling  factor  kt  and  the 
planar  coupling  factor  kp  increase  slightly,  but  the 
increase  of  kt  is  more  apparent.  The  anisotropy 
kt/kp  is  around  4.5  . 

The  temperature  dependence  of  electrical 
resistivity  of  chromium  doped  PNT  ceramics  gives 
a  clear  explanation  about  the  variations  of 
microstructures,  point  defects  and  electrical 
properties  of  PNT  ceramics.  Jamadar  et  al.  “ 
pointed  out  that  in  barium  and  strontium  modified 
lead  titanate  ceramics  the  electrical  conduction  is 
electronic  in  nature  in  the  paraelectric  state. 
Because  of  high  volatility  of  lead  oxide,  Gerson 
and  Jaffe‘9  proposed  that  the  unmodified  PZT 


compositions  have  p-type  (hole)  conduction, 
especially  prepared  by  sintering  in  air.  Thus,  in 
the  paraelectric  phase,  the  decrease  of  electrical 
resistivity  with  increasing  Cr203  additives  means 
the  more  hole  carriers  participate  in  the 
conduction  process.  From  the  examination 
previously,  the  chromium  ions  enter  into  the 
lattice  structure  of  PNT  solid  solution  in  all 
doping  rage.  So  the  lower  valence  state  of 
chromium  ion  (Cr*^)  substituted  for  the  Ti  site 
could  be  the  cause,  that  is,  the  chromium  ions  act 
as  an  acceptor  in  the  PNT  ceramics  and  favor  the 
higher  mechanical  quality  factor  and  lower 
dielectric  loss  which  are  consistent  with  the 
previous  results. 

fbl  PLT  ceramics:  As  also  seen  in  Fig  4 
(dash  lineT  the  Curie  temperature  Tc  has  no 
change  to  oe  observed  like  the  tetragonality  in  Fig 
2  but  the  peak  dielectric  constant  emax  decreases 
with  the  additions  of  Cr20s.  In  all  measuring 
curves,  sharp  peaks  of  dielectric  constant  are 
found.  Therefore,  the  diffuse  phase  transition  does 
not  exist  in  the  PLT  ceramics  like  that  in  the  PNT 
ceramics. 

T 

The  dielectric  constant  (€33  )  and  dielectric 
loss  (tan  6e)  as  a  function  of  Cr203  additives  are 

T 

shown  in  Fig  7.  The  dielectric  constant  633 
increases  slowly  with  increasing  the  additives. 
Because  most  additives  segregate  at  the  grain 
boundaries,  the  presence  of  interfacial  polarization 
is  suggested  as  a  possible  explanation  for  this 
increase. ‘9  The  dielectric  loss  shows  smaller  at 
close  to  0.4  wt%  additions  of  Cr203  which  is 
supposed  to  a  dense  ceramics  to  be  made.  The 
mechanical  quality  factor  Qm  also  shows  higher 
values  over  2100  within  the  range  of  0.4  wt% 
doping  but  possibly  because  of  two  combined 
factors  .which  are  the  accumulation  of  doping  ions 
between  grains  and  an  increase  of  porosity  after 
0.4  wt%  doping,  the  inner  friction  increases 
leading  to  a  largely  deterioration  in  Qm.  The 
planar  coupling  factor  kp  and  thickness  coupling 
factor  kt  are  also  shown  in  Fig  8,  where  kt 
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increases  a  little  near  0.4  wt%  doping  and  kp 
slightly  decreases.  The  anisotropy  kt/kp  in  the 
PLT  ceramics  is  scarcely  higher  than  that  in  the 
PNT  ceramics. 


T 

Figure  7  Variation  of  the  c  33  and  tan  (Je  of  PLT 
ceramics  as  a  function  of  CrjOs  concentration. 


Figure  8  Variation  of  the  kp,  kt  and  Qm  of  PLT 
ceramics  as  a  function  of  Cr203  concentration. 


The  electrical  resistivity  of  chromium  doped 
PLT  ceramics  increases  with  the  Cr203  additives 
in  the  paraelectric  phase  of  higher  which  is 
perfectly  different  from  that  of  PNT  ceramics  in 
the  paraelectric  phase.  So,  the  generating  eSect  by 
Cr203  doping  is  sure  to  be  different.  The 
segregation  of  chromium  ions  at  the  grain 
boundaries  as  binders  is  responsible  for  the 

increase  of  the  porosity,  dielectric  constant  633"^ 
and  electrical  resistivity. 

Conclusion 


boundaries  in  the  latter,  leading  to  different 
electrical  behaviors.  By  measuring  the  temperature 
dependence  of  the  electrical  resistivity,  more 
insight  to  the  understanding  of  variations  of 
microstructure,  lattice  constant,  dielectric  and 
piezoelectric  properties  can  be  reached. 
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In  this  study,  the  chromium  doping  effect  of 
Nd  and  La  modified  lead  titanate  ceramics  on  the 
lattice  constant,  microstructure,  dielectric  and 
piezoelectric  properties  are  investigated.  It  appears 
perfectly  different  doping  phenomena,  soluble  in 
the  former  and  segregative  around  grain 
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BXJkBORATION  PROCESS  AKD  STUDY  OP  Mb-Ni  SUBSTITUTED  PIT 
CERAMICS  WITH  BlOE  dj,  AND  6^  COEPPICIENTS 

L.  Eyraud,  P.  Eyraud,  S.  Rey,  M.  Troccaz 
Laboratoire  de  Gdnie  Electrique  et  Perrodlectrlcitd 
INSA  de  Lyon,  69621  Villeurbanne  c6dex,  France 


Abatrscrt  :  PZT  ceramics  with  high  Nb-Ni  substitution 
(about  40  %)  are  prepared  according  to  a  solid  process 
and  a  wet  chemical  process  by  coprecipitated  oxalates. 
Precipitation  conditions  were  carefully  examined  becau- 
se  some  variations  in  the  properties  of  sintered  cera¬ 
mics  were  observed.  The  best  conditions  of  thermal  de¬ 
composition,  thermal  treatment  and  sintering  are  deter¬ 
mined  for  the  PbZrQ  37  /  3  ^0  4  ^3  composi¬ 
tion.  A  notable  improvement  of  texture  and  dielectric 
constant  is  obtained  with  hot  pressing  sintering.  The 
main  electromechanical  coefficients  were  measured. 


INTRODUCTION 


K  .N!. 


Phase  diagram  of  PbTiO^-PbXrO^-PbCNb^y jNi^ ^ ^ >03  system 


Fabrication  of  multielement  arrays  used  for  ultrasonic 
imaging  applications  at  high  frequencies  requires  the 
following  conditions  for  ferroelectric  ceramics  : 

*  high  piezoelectric  properties,  that  is  values  of  djj 
and  k^T  coefficients  as  high  as  possible 

*  low  dielectric  losses  tan6  (<  2  %) 

*  low  mechanical  quality  factor  Q  (<  50) 

*  Curie  temperature  close  to  200®  C 

*  good  homogeneity  and  lack  of  porosity  in  order  to  get 
very  thin  identical  elements 

*  high  value  of  relative  permittivity 

This  last  factor  was  imposed  by  users  :  a  very  high 
is  necessary  to  make  impedance  matching  easier  and  to 
reduce  interferences  between  array  elements.  This  re¬ 
quirement  eliminated  PbTiOj  and  PbNij20^  type  materials, 
attractive  for  their  low  coefficient  Q  and  their  weak 
transverse  coupling  factor  kj ^ ,  but  neglected  because 
of  their  very  low  value. 

According  to  Jaffe  [1]  there  are  several  possibilities 
to  increase  piezoelectric  activity  of  lead  zirconate 
titanites  type  materials  (PZT).  Mixture  with  a  complex 
perovskite  Pb(Nb2^ jNi^ ^ j )  O3  was  chosen. 

Moreover  due  to  very  high  frequencies  measurements  (10 
to  20  MHz),  piezoelectric  array  elements  must  be  very 
homogeneous,  very  thin  (up  to  100  \.ira)  with  identical 
widths  (20  urn).  Therefore  the  other  important  point  to 
be  considered  is  the  ceramics  manufacturing  process. 


CHOICE  OF  A  COMPOSITION 

Phase  diagram  of  PbTi03-PbZr03-Pb(Nb2^3Ni^ ^3 )  O3  system 
(Figure  1)  given  by  Banno  [2]  shows  that  a  morphotropic 
phase  boundary,  near  which  piezoelectric  properties 
would  be  better,  lies  in  vicinity  of  20  moles  %  PbZrOj 
and  40  moles  %  Pb{Nb2 ^ 3 Ni^ ^ 3 )  O3  to  maintain  abou 
200®  C. 


Using  the  standard  mixed  oxide  method  of  ceramics  preps* 
ration  (firing  950®  C/6  h,  sintering  under  PZT  powder 
1240®  C/6  h)  a  composition  is  selected.  Figure  2  shows 
the  variations  of  t^,  tan6  (measured  at  1  KHz,  1  V)  and 
d33  (calculated  from  resonance  and  antiresonance  cur¬ 
ves)  with  zirconium  content,  keeping  the  sum  (Zr  Ti) 
equal  to  0.6,  for  a  40  atom  %  Nb-Ni  substitution.  It 
can  be  seen  that  a  maximum  is  obtained  about  0.23  Zr 
content  whatever  the  concentration  ratio  Nb/Ni. 
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Thasa  aaraa  piazoalactric  coafficients  are  then  plotted 
in  Figure  3  aa  a  function  of  Nb/Ni  values  for  the  23 
atom  %  Zr  previously  determined.  It  can  be  noted  that 
the  best  ratio  Nb/Ni  is  2  corresponding  respectively  to 
pentavalent  and  divalent  ionic  states. 


! 


/ 


Nb/Nj  rati<j 

ti-qure  3  Dependence  of  Pbg  jjTig  j^Hbg 

ceraaics  characteristics  on  Nb/Ni  ratio 

Finally  the  following  composition  is  chosen  for  further 
studies  : 

Pb  Z^0.23Tio.37(Nb2/3Nii/3)a.4  ^3  NN) 

POWDER  PREPARATIOM 

Ceramics  manufactured  following  the  preceding  formula 
are  quite  dense,  but  their  microstructure  is  not  very 
homogeneous,  probably  due  to  the  bad  grain  size  distri¬ 
bution  of  powders  prepared  by  the  solid  process.  Hot 
pressing  sintering  does  not  improve  significantly  cera¬ 
mic  texture  because  powder  grains  obtained  after  the 
SSO’’  C  calcination  are  not  malleable  enough,  even  under 
an  external  pressure. 

Homogeneity  and  absence  of  porosity  can  be  greatly  im¬ 
proved  by  a  liquid  preparation  process  coupled  with  hot 
pressing.  Powders  preparation  process  by  multiple  oxa¬ 
lates  coprecipitation  was  already  described  [31(4].  In 
most  cases  it  allows  insoluble  multiple  oxalates  to  be 
obtained.  However  in  PZT  NN  presence  of  Ni  poses  pro¬ 
blem  because  it  makes  up  complexes  with  ammonia.  There¬ 
fore  this  element  is  introduced  separately  as  oxalate 
and  mixed  with  the  other  coprecipitates  to  form  a  high¬ 
ly  reactive  oxalates  mixture. 

During  PZT  NN  manufacturing  some  difficulties  concer¬ 
ning  a  good  reproduction  of  piezoelectric  constants  we¬ 
re  encountered.  So  the  part  played  by  various  factors 
along  the  process  was  successively  examined. 


•  ThmrmhI  ot 

Differential  thermal  analysis  of  the  precipitate 
shows  total  oxalates  decomposition  at  400*  C.  X  Rays 
analysis  performed  on  powders  fired  at  different  tem¬ 
peratures  shows  in  all  cases  the  diffraction  pattern 
of  a  pyrochlore  phase  Pb^Nb^TiO^  (PTN).  The  optimum 
conditions  for  minimizing  this  phase  are  the  follo¬ 
wing  :  thermal  decomposition  600®  C/10  h,  thermal 
treatment  900®C/2  h  (Figure  4).  Note  that  the  pyro¬ 
chlore  phase  does  not  exist  in  the  ceramic  material. 


60  *>0  40  iO 

Figure  4  Diffraction  pattern  of  a  coprecipitated 
powder  (PTN  =  pyrochlore  phase) 

•  PbO  excess 

In  relation  to  the  general  E>erov8kite  formula  ABOj  , 
Pb2Nb2TiO^  is  in  deficit  on  A  site.  Therefore  vapori¬ 
zation  of  PbO  in  excess  can  occur  during  sintering. 
Tests  carried  out  on  samples  with  A/B  ratios  higher 
than  2  lead  to  uncertain  results  (Table  I).  Moreover 
some  ceramics  are  not  homogeneous. 

No  conclusion  can  be  obtained  from  these  experiments. 
Table  1 

Influence  of  PbO  excess  on  electrical  characteristics 


A/B 

— 

tarv6  (») 

O55 

1.00 

4050 

1.5 

500 

1.01 

3840 

1.7 

450 

1.03 

4450 

1.6 

610 

1.04 

3650 

2.1 

140 

•  Precipitation  dH 

Table  II  lists  tan&  and  djj  coefficients  for  ce¬ 
ramics  prepared  from  powders  coprecipitated  at  va¬ 
rious  pH  values.  A  pH  around  6.1  seems  suitable  for 
correct  material  manif actur ing  but  some  ceramics  are 
not  homogeneous. 


Table  II  Variation  of  electrical  characteristics 
versus  precipitation  pH 


pH 

7.6 

8.1 

8.8 

9.3 

10 

2910 

4530 

3280 

3360 

3090 

djj  pC/N 

460 

660 

390 

410 

330 

tan6  (%) 

1.6 

1.8 

1.5 

1 . 6 

1 . 7 

534 


*  C»llorid<n  pr«i«nc« 

When  niobium  is  introduced  directly  as  NbCL^  in  aque¬ 
ous  solution  of  oxalic  acid  a  small  amount  of  PbCl2 
can  be  formed  which  is  found  again  more  or  leas  in 
the  precipitate  according  to  the  amount  of  washing 
water  used.  As  PbCl2  boiling  point  is  950®  C  its  Loss 
leads  to  large  porosities  in  ceramics,  causes  also 
occurence  of  Pb  vacancies  and  makes  pyrochlore  phase 
more  stable. 

In  order  to  eliminate  Cl’  ions  in  the  coprecipitation 
medium,  niobium  was  introduced  as  hydroxide  newly 
prepared  by  precipitation  from  niobium  chloride.  Ho¬ 
mogeneous  and  reproductive  results  are  then  achieved. 

To  conclude,  powder  preparation  of  PZT  NN  is  given  in 
Figure  5. 
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Figure  5  Flow  sheet  of  the  preparation  of  PZT  NN 

CERAMICS  MANUFACTURING  CONDITIONS  IMPROVEMENT 

To  improve  the  microstructure  of  powder  prepared  accor¬ 
ding  to  the  preceding  process,  influence  of  coprecipi¬ 
tation  pH  on  the  specific  area  of  the  final  product  was 
studied.  The  results  are  compiled  in  Table  III.  Study 
of  the  thermal  treatment  temperature  influence  on  the 
particule  size  distribution  given  in  Figure  6  shows 
that  the  difference  between  800  and  900®C  is  not  very 
large,  but  900®C  is  better  for  minimizing  pyrochlore 
phase  amount  before  sintering. 


Table  III  Specific  area  of  the  final  product 
as  a  function  of  precipitation  pH 


Precipitation  pH  7,t  8.1  8.8  9.3  10.0 

Specific  area  a^/g  0.68  0.84  1.04  1.28  0.91 
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riqura  6  Grain  aiia  diatribution  curves 
for  various  tberul  treatunts 

Figure  7  shows  the  microstructure  of  two  ceramics  ob¬ 
tained  by  natural  sintering  (1240°  C/6  h)  of  powders 
prepared  by  the  dry  cr  wet  process.  It  can  be  noticed 
that  the  texture  of  ceramic  prepared  by  coprecipitation 
is  better  with  smaller  grain  size.  However  it  still 
isn  t  sufficient  for  achievement  of  a  low  porosity  ma¬ 
terial  resisting  to  thermal  and  mechanical  agents  deve¬ 
loped  during  machining.  Sintering  under  uniaxial  stress 
(about  2  MPa)  is  necessary. 

(•)  10  i>a  = -  (b) 


Figure  7 

Hicrostructure  of  ceraaics  prepared  by  a  solid  («> 
or  a  liquid  (b)  process  and  natural  sintering 

Table  IV  gives  6^,  tanS,  djj  values  according  to  the 
manufacturing  process.  This  table  shows  that  hot  pres¬ 
sing  sintering,  essential  for  mechanical  quality  of  ar¬ 
rays.  improves  also  notably  value,  corresponding  to 
user's  wishes.  Table  V  summarizes  the  main  characteris¬ 
tics  of  the  ceramic  material 

.  3  7  ^ /  3  *0 . 4  ^3  prepared  by  copreci¬ 
pitation  and  hot  pressing  sintering. 

Table  IV  Dependence  of  ceraeics  characteristics 
on  manufacturing  process 


vs  =  solid  process,  VL  =  liquid  proce  s 

FN  ~  natural  sintering,  FC  hot  press*  'g  sintering 


- — 

VSPN 

VSFC 

■r - 

'  VLFN 

— 

VLFC 

4150 

4750 

4850 

r  '■ 

5350 

^33 

610 

640 

640 

650 

tan&  (%) 

— 

1.5 

1.8 

1 . 7 

1 . 7 

T»bl»  V 

Main  coafflciants  of  coprocipitatod  aad  bot  praaaiap 
aiatarad  Pbltp  jjTi^  4  Oj  coapoaitioa 


«c  'r  1  i 


variAtioal 


kV/mm  j I  1*^)' 


12S  aad  2S'C 


I  (*) 


5300  1.7  640  0. 73  i  0.39  1  10  i  70  180  !  40 


gMgfcysioH 

Ferroelectric  ceramics  of  the  system  x  PbZrOj-y  PbTiOj- 
z  Pb(Nb2^ jNi, ^ j )Oj  exhibit  the  uest  piezoelectric  coef¬ 
ficients  for  X  =  0.23,  y  =  0.37,  z  >  0.4  as  determined 
by  a  solid  preparation  process.  Powder  preparation  con¬ 
ditions  by  a  coprecipitation  method  in  oxalic  medium 
were  examined  and  a  fabrication  process  is  given.  Hot 
pressing  sintering  still  improves  electrical  and  mecha¬ 
nical  ceramics  quality  and  allows  achievement  of  mate¬ 
rial  with  a  large  value  of  (5300),  high  djj  and  kjj 
constants,  along  with  a  not  very  important  temperature 
variation  between  25  and  125°  C  in  view  of  a  180°  C 
Curie  temperature.  These  properties  make  this  material 
promising  for  high  frequency  medical  ultrasonic  imaging 
transducers. 
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PlK/OKLlXTUIf  AC'rC'ATORS  IN  ROTARY  OR  LINKAR  MOMONS 
BY  KXCriATlON  OF  ASYMMETRIC  DlSPL AC  KMKM 


^<^sllll>^  l<»nnkawi«,  Mandl)U  Aiiyagi  ainl  ^  iiiliaiii  Ivi'^ak.ik*  : 

I )♦  j).i i  t  iiM'iil  nl  i  .!♦•<  u u  al  i-jigin>  rnn^  an*!  Iiifuimali- *;  S* n  rn  «  .  ^  tiiiia>i <ii -s  1  iir^ •  : I'U  \ . 
^oln■/avva,  'iaiuagata,  .jaj)an  *»‘)2 

t  S<-'  linn  o|  IJ<’«  t.iM  ily  l'a«ullv  »>!  l-.iimal  loii.  Vii'.ngaia  inn  \ -i  "it . 
'iamagdUi.  \atiiagrtta,  )a}>aii  ‘J'H). 


I’liis  |)a|><-i  ilcals  witli  a  iinw  fxnlalinii  huHIhxI  uf  a  [>h‘/o- 
elfcliic  a<  tiiaU*i  in  onici  t(»  ai  hirvt*  its  asvmiiurliu  ‘IisjjI.m  enu-nt 
as  a  tuiirtmn  of  time  clapsofi  witlioiit  its  icsidual  vilnatioii;  1  !ir 
method  is  to  use  lh(^  reclatigtdar  pulsr  of  voltage  aiid  is  aimed 
to  develop  a  new  typ<*  pie/oel»*(  1 1  n  a«  inator  with  a  fmntion  i>f  a 
double-trip  n()(M  al  ion. 

Analysis  on  displac cnKMit  ol  sin  h  ai  tuatui  driven  by  tin*  ns  t- 
angtilar  [inlse.  aiul  pro[>osal  t)f  its  apple  at  it»ii  to  t  oncii^te  actua¬ 
tors  with  its  ex[MM  imental  drsnipit-.i!  aie  ii*j>orted. 

lilt  roductloii 

A  piezoele<  f lie  actuator  is  one  of  atirar  live  dequ  es  in  tlx* 
modern  engiiuMu  ing,  <lue  to  its  inlu'reiit  mult  i  fum  t  ions  and  small 
ronsti  net  ion  [1|.  and  (Iumi  \\e  ha\'e  investigate^!  it  mild  now(2j- 
d’he  most  import  ant  point  in  the  piez<Hde(  ( i  ir  act  natui  is  achieve¬ 
ment  of  its  (|iii<k  K'sponse.  As  for  this  demand,  w<‘  (iroposed 
soriK'  ('Ncitat  ion  met  hods(d|,  in  which  ('U.'ct  i  ical  pulse  <li  iving  was 
(•onsiflere<|  to  prevemt  the  iiu'clianical  lesi^lnal  vibration  of  (beac- 
lualor,  l!owev(M.  the  inv«\stigat ion  until  now  was  for  aclm'vemeiil 
of  a  symmetrical  opeiation  of  dispbo  rment  as  a  function  of  time 
elapsf'd, 

In  this  paper.  wf‘  deal  with  an  asymmetric  op<’fat.ion  vvit/nmt. 
revSidnal  vibration  of  tliis  aciuiitor  exi  iled  by  el<‘ctri<al  rectangu¬ 
lar  pulse,  Thai  is,  wv  desciilx’  dial  by  ehu  trical  pulse  driving 
taking  into  at  count  the  vibi  at  ional  periodic  t  ime  of  the  a<  i  uator, 
an  asymnu'tiic  displaceiiKml  in  tin'  time  pnxess  can  b<*  ma<le 
possible,  with  no  ac<'omi)a living  its  r('sidnal  vibration. 

Tin*  pi t‘V('nt ion  of  u'siilnal  viluation  smaceds  to  a  quick  re¬ 
sponse  of  ( he  a(  I  nator. 

This  asyinmclvic  operati()n  of  an  actuator  can  i)e  variously 
a[)j)lie(b  for  example,  to  (  (jus!  nu  t  a  I'olary  motor,  a  linear  motor 
and  a  part  feedcu'  etc..  In  tln‘s<-  devices,  a  specific  feature  is  tliat 
a  double-lrip  movcnneiit  can  easily  been  achievecl  by  changing 
polarity  of  input  pnls(’s  or  K'forming  Miem. 

In  the  first  part  of  this  paper  are  described  some  responses 
of  a  piezoelectric  actuator  by  in[)ut  vedtage  wave  form  of  pulse. 
The  second  part  contains  aiiplicat ions  of  such  actuators  and  ex- 
[lerimcntal  results  on  tlu’m. 

Input  Voltage  Wave  Form  of  Pulse 
and  Responses 

A  Piezoelectric  Actuator  and  Its  Ecpiivalent  Circuit 

A  pie/oelerii ic  actuator,  which  is  a  subject  of  investigation 
in  this  pap('!,  is  shown  in  l'*!g.l(a)  and  its  e(jnivalent  riremt  is 
Fig. 1(1)).  However,  it  must  be  remarkerl  tliat  tlie  actuator  is  not 
specially  fixed  to  Fig. 1(a).  but  the  act, nator  in  Idg.lfa)  is  only  a 
representative  of  general  piezor]e<  l  rir  af  t  nators.  Moreover,  llie 
reason  wliv  the  equivalent  (ir<nit  of  a  single  restrnance  shown 


in  Fig-lib)  !S  i-  iii.it  tli<‘  l.ovt-si  i-"in,ainf  >>1  \iMainiii  i-s 

doimnaiit  (oi  a<{uartu  !>(»<  tat icn".  «‘v«  n  il  dn  a<!u.(i'U  I.ms  man\ 
resonaners 

(h'lween  the  aeluaftu  ut  I'ig.n.ai  a(i«;  its  <  rjMivaleii!  uicuii 
in  Fig-ltbt,  ‘ibviousK.  ti:'  .=  e  >;u!i  ti»li<  >\ving  •  iui‘“-,jM;|)d<'n‘ es 
that  motu»ual  cmieni  .md  eleiMn  ■  i.ai*;*  -/..yd 

to  a  S(»eed  ••>{  vibralnui  .uul  a  di.^-pl.e  ement  .  i  espe*  1 1  \  el\-.  at  a 
reitam  pr»int  ol  the  <iit'i.ii'U  tin  I  ii.ii.  usuajiv.  the  fo-e  eiid 
is  roMSld<'te«l. ).  liieteioi'-.  i<\'  alia  . -mm  '/  y  ^  '  'illd  ■'  i  111  '  !w‘ 
c<|mvalenl  circuit  when  ti,e  input  M»li.ii>.  ahm'  (uim  ■  ;'uNe  in 
Idg.i(b)  IS  supplied.  Vlbl  ,1?  n.'ii.d  i  !iai  .o  t  il  I't  1<  "  'd  itii-  .ntuatei 
‘  ail  be  td>l amed 

FUIURAL 


(b)  Equivalent  circuit 


Fig.l:  la)  FieztxTM-t  ric  ai  tnaloi  ami  (bl  it"  r(  [ur.  ,i  c-mI  (  \\i  nil 

Input  voltage  wave  form  of  pulse 

Tin'  iiijmt  vultage  w.O'e  luim".  v.hnli  riie  pmposrd  In-i'-.  to 
the  act  uator  ai e  sluAvu  in  1-  ig.'J(  .t  i  and  d i ).  t  ba;  is.  in  Fni  a  i ,  in 


(b) 

l‘  ig.2;  lM)>iit  \  oit  agf'  \va\ f'  foi  1 11- 
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ordfi  to  acliH-s’c  a  .sharp  rising-up  displacement  of  the  actuator, 
such  iri  tangtdai  juilsc  as  shown  in  the  figvne  is  iirst  applied  and 
in  })!■■  nr.xf.  step,  a  sojiiewliat  interval,  llie  voltage  gue.s  down 

slowl\- 

!U  such  as\ niineti  tc  voltage  wave'  foiin.  we  expect,  iheasyiii 
liu  till  opeiatHMi  of  an  actuator  can  lu’  made  possible.  I  he  vvav<‘ 
loi  m  ^ho\\  li  III  l‘tg.2(h)  IS  inveiil<‘<l  to  achieve  same  opcualujit  as 
\)\  t  tu*  \va\e  foi  111  in  I'  lg  ^ta)  in  l'  ig.2(l>).  the  applietl  voltage 
IS  ills- irtf  to  sliaie  then  owm  funrtnnis;  that  is.  the  liist  pulse 
i.iisi-s  j.ionijitl\  I  he  litsplai  eiiH’nt  and  the  Si'cotnl  pulse  csaitrol.s 
I  lie  1  1  displ.icciiK'nt. 

I  !(c  laiiulated  lesnlts  of  displacement,  obtained  by  appiy- 
iiii;  ill'’  .oji.iwc  wavi'  lorm  shown  in  l  ig.‘2(a)  to  the  e<juivalenl 
iinuit  111  l'ig.l(l)).  .iir  siiown  in  (<ii  riiid  (b)  of  I'lgs.d  and  -1. 


where  llie  longitudiUcal  axis  shows  tlie  normalized  displacement 
of  qr^iilioi  ^  he  hoiizoutal  one.  llie  normalized  time  of 

t!T  (/■  a  periudi<'  lime!  factoi  Q  of  the  ariualor  and 

some  conditions  to  det  es  mine  the  i  npul  v  oil  age  w  a'^e  hu  m  v'f  pulse 
are  o.'preseiiied  in  tin-  iiiiuio. 

I'nnv.  these  results,  it  touu«.l  ’hat  actuatv-i  dssplacemeiu 
respoiiM'S  ol  a  si.arplv  li.'lug  '.p  and  gi’ntb  sloping- dtiu  II  (haiat 
tensile  rail  easilv  i>c^  oiitaniefi  and  tin’  iorin  of  ciiaiact<“i  istn.  is 
ditfenuii  ly  I  hangecl  lyv  '  i;e  m jnit  'colt  a.tp'  w  a vc  form  A  spe^  die  h'a 
lure  of  t  lie  rharac’ ensl aj'pea!'’'  at  l  li' ■  '  undit  a  a:  \H  A  '  >  2  0. 
ihal  IS.  one  oi  iv\t.  plat e<n; >  r. : e  \  n  hied  ni  t lie  at-hi  i\  s.. ij.Miig-down 
pai  t. 

1  he  ciiai  a«  tei  jst  ic  ^iiov.  n  in  h  ig  a  i -  oik  exainph-  n  die  \va\  e 
loi  m  shown  m  i'  »g  J  n  ■ 

\\e  >av  ill  ad<  !i‘.  ion  !  l-.at  die  m  p'lt  ot*  age  w  f.  ui  1 1  ■  'f  pulse 


1' ig  d;  .Voiinalixed  dis(da(em<'iit  responses  as  a  function  of  time' 
('lapsed  1>\‘  I  In’  voltage  wave  form  in  Fig. 2(a). 


Fig  l;  Normalized  displacc'ment  responses  as  a  function  of  time 
elapsed  by  the  voltage  wave  form  in  Fig. 2(a). 


shown  m  hig.t'  tan  ^d^o  he  utih/'-'l  to  \  irhl  tn.e  .is\ i ;  im«‘i  ■  le  dis 
placement  I'-'^ponse 


Idg.n:  Noimalized  displacement  nsjuuise  b)'  the  voltage  w.u<’ 
f<*i  m  m  Idg  2-;  b). 


I'^ig-b;  Input  voltage  wave  form  for  asymmetiu  rbsplact'inent  re 
spouse  in  lime  elajjsefl. 


Piezoelectric  Actiiators 

Applying  t  he  asymmetrie  disjihu  einent  responses  mentioned 
above,  it  is  ])ossible  to  (  oust  nn  t  some  a(  1  uatoi  sjdl  wit  li  a  fuin  t  ion 
of  donble-trip  oper.ition  by  only  one  chaiiii'  l  ehx  trieal  rxi  itat  ion. 

Concrete  actuators  utilizing  siicli  cliai  rnteiistics  ate  shown 
in  Figs. 7  and  1  i.  1'he  actuator  sliown  in  I'ig-T  is  a  kind  of  rolaiy 
motor;  that  i.s.  the  stator  disk  \  ihtator  is  rhiven  by  bonded  fjiezo- 
electric  enamics,  for  ('xamj)lr.  in  tlir  ,  mode  {Hyx  means  the 
bending  vil)ration  having  oiu'  nodal  (ink'  and  no'ial  diain 

eters).  In  t  his  case,  3  pi  o  jfu  I  ion  t  e<'i  h  ai  c  ('(jui  pp('d  on  the  noflal 
diameters  as  shown  in  i'ig.Tfy^)  and  (b).  Hv  asymmetrie  opera 
tion  of  these  projection-teeth,  the  rotor  whif  ii  is  j>r(’ss<‘d  down  on 
the  stator  by  a  spring,  a  hearing  and  a  nut.  f'tc..  rotates  toward 
a  certain  (lircction. 
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The  actuator  shown  in  Fig. 11  is  to  construct  a  kind  of  linear 
motor.  The  direction  of  their  motions,  in  any  cases,  can  be  easily 
changed  liy  the  input  voltage  wave  form. 

Of  (  oursc,  other  constructions  of  actuator  will  be  possible. 


Experimental  Results 


Rotary  Motor 


A  piololy[)e  rotary  motor  is  sliown  in  Fig. 7(b). 

I’ii'zoelrcti  ic  ceramics  are  bonded  on  the  reverse  side  of  a 
stator  as  sliou  ii  ifi  Fig. 7(b)  .so  a.s  to  excite  only  one  /i|3  resonance 
moi  Ic. 

W'licH  the  input  voltage  wave  form  in  Figs. 2(a)  or  (b)  is  sup¬ 
plied  to  such  a  stator  disk,  th<‘  projection  teeth  operate  promptly 
as  shown  in  l'ig.S(a)  in  the  fust  stage  and  in  the  next  stage,  they 
ret  111  n  .gently  to  the  state  of  start  according  to  the  asymmetric 


DIRECTION 

Of  MOTION  I  PRESSURE 


displacement  shown  in  Figs. 3  and  4.  By  repetition  of  operation 
shown  in  Fig.8,  the  rotor  rotates  with  a  specific  feature  of  a  small 
angular  displacement. 

Experimental  results  of  this  prototype  motor  are  shown  in 
Figs. 9  and  10,  where  the  revolution  were  measured  by  changing 
the  input  voltage  wave  form;  that  is,  the  length  of  fc(=  N  -M  )  and 
C(=  B  —  N j  in  the  wave  form  shown  in  Fig. 0(a)  were  changed  in 
Figs. 9(c)  and  10,  resjiectively.  Direction  of  rotator  rotation  could 
easily  be  changed  by  the  revei.se  displace.. .c  nt  shr  vri  in  Fig. 0(b). 
In  Figs. 9  and  10,  characteristics  presented  by  signs  of  0-0  and 
A-A  are  ones  in  a  different  direction  of  rotation.  It  is  found 
that  almost  same  characteristics  could  be  obtained  even  if  the 
direction  of  rotation  differed  However,  we  don’t  understand  why 
the  direction  of  rotation  changed,  increasing  the  length  of  B  and 
C  without  change  of  polarity  of  displacement  in  Fig  d(b)  The 
specific  feature  of  this  motor  was  found  to  be  that  the  prototype 
motor  did  not  radiate  unwanted  noises,  because  the  stator  disk 
M'as  driven,  taking  into  account  no  residual  mechanical  vibration 
of  it. 


(a)Voltage. 


Fig. 7;  Apjd'cation  to  a  rotary  movement  device  (rotary  motor). 


ROTOR 

jr 


~rr 

'^STATOR  . 

VIBRATOR 


(») 


(b) 


Fig. 9:  Revolution  characteristics. 


Fig. 8:  0|)eration  of  stator. 
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Linear  Motor 


The  same  operation  principle  as  mentioned  above  was 
applied  to  the  prototype  linear  motor  shown  in  Fig. 11(b), 
where  the  dimensions  of  the  vibrator  and  projection- tooth  were 
35.0x8. 0x1. 5(mm’)  and  8.0x2.5x  1.5(mm®).  The  vibrator  was 
also  driven  piezoelectrically  by  the  input  voltage  wave  form  shown 
in  Fig. 9(a),  under  pressing  force  to  the  center  nodal  line  of  the  vi- 


DIRECTION 
OF  MOTION 


PIEZO-CERAMICS 


FLEXURAL 

VIBRATION  (2ND  MODE) 


~  GUIDE-RAIL 


(a) 

PIEZO-CERAMICS 


(b) 

Fig.ll:  Application  to  a  linear  movement  device  (linear  motor). 


Fig.  12;  Measured  characteristics  of  the  linear  motor  shown  in 
Fig.ll. 

brator.  One  example  of  experimental  results  are  shown  in  Fig, 12. 
Although  the  operation  in  the  double-trip  were  a  little  different 
in  this  case,  it  is  found  that  the  linear  motor  having  a  small  dis¬ 
placement  can  be  constructed. 


Conclusions 


We  proposed  a  new  excitation  method  of  a  piezoelectric  vi¬ 
bration  without  residual  disi/iaccment  to  achieve  the  asymmetric 
displacement  responses  as  a  function  of  tim  elapsed,  and  more¬ 
over  we  presented  its  application  to  construct  an  actuator.  That 
is,  the  analytical  results  of  such  operation  of  actuator  and  the 
experimental  results  were  dealt  with  in  this  paper.  Hereafter, 
we  want  to  investigate  piezoelectric  actuators  using  such  a  phe¬ 
nomenon  and  improve  their  characteristics  further. 
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USED  IN  COMMON  AS  A  STATOR  AND  A  ROTOR— 
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This  paper  deals  with  construction  and  characteristics  of  the 
ultrasonic  motor  using  longitudinal  and  torsional  vibrations:  the 
construction  is  aimed  to  achieve  a  high  torque  motor.  The  feature 
of  this  motor  is  that  the  torsional  stator  vibrator  is  used  in  com¬ 
mon  as  a  rotor  and  revolves  about  its  length  axis.  Experimental 
results  have  revealed  that  this  type  motor  is  suited  to  construct 
a  high  torque  ultrasonic  motor.  In  this  paper,  some  detailed  data 
of  the  prototype  motor  are  described. 

Introduction 

An  ultrasonic  motor  is  investigated  actively  up  to  the 
present.  Output  power  per  unit  volume  of  an  ultrasonic  motor 
is  generally  larger  than  that  of  electromagnetic  motor  because 
mechanical  vibration  is  used  in  its  operation  Accordingly,  in 
the  same  volume,  the  ultrasonic  motor  can  generate  large  output 
torque  in  comparison  with  the  electromagnetic  motor.  In  other 
word,  the  ultrasonic  motor  is  also  expected  as  a  powerful  device 
in  a  small  size. 

In  this  paper,  the  authors  deal  with  the  large  output  torque 
ultrasonic  motor  using  longitudinal  and  torsional  vibrations. 
Some  ultrasonic  motors  constructed  by  combining  these  vibra¬ 
tions  have  been  reported  until  now.  [lj[2)[3j[4)  In  them,  this 
motor  htis  such  a  specific  merit  that  a  torsional  stator  vibrator 
revolves  as  a  rotor,  too. 

It  is  thought  that  there  are  two  methods  in  order  to  elevate 
the  torque  of  this  type  motor.  One  is  to  increase  the  frictional 


force  between  the  rotor  and  the  stator.  This  method  still  has 
such  problems  that  the  frictional  material  used  can’t  bear  a  very 
large  frictional  force  and  the  longitudinal  vibration  mode  is  also 
fairly  changed  by  increasing  the  rotor  pressing  force.  The  other 
is  to  increase  the  diameter  of  the  stator  vibrator.  Generally,  in 
this  case  it  is  not  so  easy  to  produce  a  large  diameter  stator 
vibrator  using  the  longitudinal  or  torsional  vibrations.  This  is  the 
reason  that  this  type  ultrasonic  motor  with  a  large  diameter  have 
not  been  reported  until  now.  To  break  through  the  problems, 
authors  have  tried  to  construct  a  high  torque  motor  as  mentioned 
below:  the  diameter  of  the  ultrasonic  motor  dealt  with  in  this 
paper  is  set  twice  as  large  as  that  reported  before(3]  and  the 
rotor  pressing  force  of  it  is  also  made  larger  than  reported  before. 
It  is  found  as  the  result  that  the  prototype  motor  could  perform 
the  characteristics  of  the  maximum  torque  of  about  lOkgf  cm  and 
the  optimum  efficiency  of  15%. 

Motor  Construction 

The  construction  of  the  ultrasonic  motor  made  as  a  trial  is 
shown  in  Fig.l.  The  motor  is  fabricated  by  two  bolt  tightening 
langevin-type  vibrators;  one  is  a  longitudinal  vibrator  and  the 
other  is  a  torsional  vibrator  which  is  used  in  common  as  a  rotor. 
Moreover,  radial  and  thrust  bearings,  two  insulators,  and  a  shaft 
for  supporting  them  are  also  used  together  with  a  few  springs  of 
disk  type.  In  the  torsional  vibrator,  the  cylindrical  bolt  is  used 


LEAD  WIRE 
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Li-MODE 


THRUST  BEARING 


RESISTIVE  MATERIAL(PPS) 
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00 

Fig.l:  Motor  construction  of  torsional  vibrator  revolving  type. 
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lit  tjulci  that  LIk*  viliuitui  IS  piesscd  by  tlui  S|Jiings  at  its  hiskIc* 
IumU*  jluliit  am!  Is  siiiJl>til  U-<i  by  llu:  la.'al  ligs  a'ui  the  silait.  Ill 
the  iiiutui  Iiivestig.ileil  lieie,  the  ii)agitui,liiial  staloi  vibratoi-  and 
the  loiSKJiial  aiie  ia  the  liist  resoiiaate  aie  used  foi  the  motor 
opeiatiuii.  It  is  ideal  that  these  two  vibiations  of  the  liisl  reso- 
aaiice  eaii  be  excited  [iiiwei  fully  at  the  same  diiviiig  frequency. 
'I'liis  coaditioii  of  excitation  is  not  always  (lertorined  in  practice. 
Accordingly,  these  two  lesuiiaace  fiequeiicies  actually  need  to  he 
close  to  each  other.  Coiisiderlag  tlie  condition  of  excitation,  llie 
length  of  both  vibrators  made  as  a  trial  for  the  ultrasonic  motor 
were  determiiieil  as  follows:  the  lengths  are  da.Umin  and  SS.Omm 
in  the  torsional  vibrator  and  the  longitudinal  one,  respectively. 
The  ratio  of  these  lengths  is  near  the  sound  velocity  ratio  y/fi/G 
of  the  loiigilndiiial  and  lors.uiial  vibration  in  duralmin,  where 
is  )\>unij’s  modulus  and  C!  is  shear  modulus.  The  diameter  of 
two  vibraluis  is  set  as  Itl.Omin.  The  thickness  of  one  amuilar  type 
piezoelectric  ceramics  is  d.Onim  and  two  [dates  of  such  piezoelec¬ 
tric  ceraii'i's  are  used  in  each  vibrator  in  srcler  'o  excite  the  fust 
resonance  of  both  vlhrations(  Aj  and  '1\  modes).  Tfie  frictional 
material,  which  is  called  PPS{lhickness;  0.3mm),  is  adhered  on 
the  surface  of  the  torsional  vibrator  faced  on  the  longitudinal  vi¬ 
brator.  Moreover,  the  contact  surfaces  of  the  torsional  vibrator 
and  the  longitudinal  one  are  uniformly  rubbed  with  abrasives  of 
#-t000(grain  size:  3/iin).  The  longitudinal  vibration  controls  lire 
contact  between  the  torsional  vibrator  and  the  longitudinal  one 
and  when  two  vibrators  keep  in  contact  with  each  other,  the  tor¬ 
sional  vibrator  revolves  reactively.  Accordingly,  the  electric  power 
for  excitation  of  the  torsional  vibrator  was  supplied  through  the 
lliriist  hearing  acting  as  a  sli[)-riiig. 

Cliaractei'istics  of  Longittidinal  and 

Torsional  Vibrators 

'Pile  measured  equivalent  circuit  elements  of  the  vibrators 
made  as  a  tiial  are  shown  in  Table  1.  As  llie  result,  the  resonance 
frequency  of  longilndinal  vibration  is  about  ^.Gkllz  lower  than 
that  of  torsional  one. 

Table  1:  Measured  values  of  the  equivalent  circuit  elements  of 
both  vibrators. 


A,  -  MODE 

r,  -  MODE 

Q 

410, SS 

201.2S 

/u  (kHz] 

36.40 

38.60 

YmO  [mS] 

23.56 

37.13 

R  [Oj 

42.45 

26.93 

L  [mfl] 

76.26 

22.30 

C  [nF] 

0.25 

0.76 

7 

15,46 

5.83 

/Qa  [%1 

25.43 

41.41 

Q  Quality  Factor 

/u  Resonance  Frequency 

Motional  Admittance 


7  Oapaci!  .'ire  Ratio  [Cj/C] 

A'„n  Electromeclmical  Coupling  Factor 


Piessing  Force  vs.  Resonance  Frec|ueiicies  of 
the  Longitudinal  and  the  T'orsional  Vibrations 

The  characteiislics  of  the  longitudinal  and  liic  toisioiial  vi¬ 
brators,  under  such  coiidilioii  that  two  vibrators  were  pressed 
against  to  eacli  other  by  springs,  are  dilfereiit  from  that  of  the 
vibrators  measured  freely.  The  relations  between  the  resonance 
frequency  and  the  pressing  force  to  the  torsional  vibrator  <iie 
shown  in  Figs. 2(a)  and  (b).  In  f'ig.2(a),  the  plotted  mark  size- 
shows  the  magnitude  of  response,  and  /zi  represents  the  reso¬ 
nance  frequency  of  the  longitudinal  vibratoi  and  \  is  one  that 
of  the  torsional  vibrator.  As  shown  in  Fig. 2(b),  it  is  found  that 
the  relativity  large  responses  denoted  by  its  resonance  frerpieiicics 
fl  and  exist;  is  lower  than  /r,i,  and  /((  is  liighei  tllan  it, 
T  hat  is,  both  fn  and  fn  go  up  according  to  increase  of  the  lorce. 
On  the  contrary,  and  are  not  so  changed  by  iiicieasing  the 
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Fig. 2:  (a)  Resonance  frequenev  vs.  piessing  force  chni  aclerislics 
and  (b)  Admittance  responses  of  L-niode  resonances  in  llie  i  ase 
of  no  pressing  force  ajiplied. 


pressing  force.  Moreover,  it  was  found  that  the  response  of  fu 
was  small,  but  the  others  were  not  so  changed  even  if  the  pressing 
force  was  increased.  The  authors  think  that  the  vibration  modes 
corresponding  to  the  resonance  frequencies  fn  and  can  be 
illustrated  as  shown  In  Fig. 3.  Accordingly,  it  is  supposed  that 
the  use  of  /(,,-mode  is  diflicrdt  to  drive  the  motor  effectively. 


fll-MOOE 


ff-MODE 

J’ig.3.'  Vibiation  modes  corresponding  to  the  lesonance  frequen¬ 
cies  /(.,  and  /(,,.. 

Measured  Characteristics  of  the  Motor 

Load  Characteristics 

'I'lie  load  characteristics  of  the  motor  were  measured  as 
sliown  in  Fig.'l,  where  the  optimum  conditions  were  such  that 
the  driving  frequency  was  37.3kIIz  and  input  power  was  6  Watt 
(2  W'att  was  for  the  longitudinal  vibration  and  15  Watt  was  for 
the  torsional  one).  As  a  result,  the  maximum  torciue  and  the 
maximum  efficiency  were  9.4  kgf  cm  and  14.8%,  respectively,  and 
tlie  rotor  revolution  at  tlie  no  load  was  33  r  p.in.. 

Frequency  vs.  Admittance  Characteristics 

Figure  5(a)  and  (b)  show  measured  Input  admittances  of  the 
vibrators  versus  driving  frequency  at  the  condition  that  the  mo¬ 
tor  o))ciated  actually,  i.c.  the  rotor  pressing  force  was  33kgf, 
the  phase  dilference  of  input  voltages  was  in  phase,  and  the  in¬ 
put  voltage  were  210Vp-p  and  130Vp-p  in  the  longitudinal  and 
torsional  vibrators,  respectively.  In  the  figures,  the  arrow  marks 
mean  the  range  of  lotor  revolving  at  the  measurement;  that  is,  tlie 
rotor  revolved  at  the  frequency  range  from  37.3kHz  to  40.0kHz 
and  its  oi)timum  operation  frequency  was  37.3knz  as  shown  by 
•  marks  in  these  figures.  This  operation  point  was  not  the  res¬ 
onance  or  antiresonance  points  of  the  longitudinal  and  torsional 
vibrations.  4’he  motor  could  also  operate  in  the  neighborhood 
of  the  resonance  frc()nency  of  the  longitudinal  and  the  torsional 
vibrations.  However,  in  these  operation  points,  the  torque  and 
elliciency  characte' istics  were  not  only  inferior  to  the  operation 
at  the  point  marked  by  •,  but  at  these  operation  points,  it  was 
found  that  the  motor  generated  much  heat. 


Fig.4;  Measured  characteristics  of  the  motor  shown  in  Fig.  1  at 
the  optimum  input  power. 


(b) 


Fig.5:  Measured  characteristics  of  the  input  admittance  of  the 
motor  in  Fig.  4. 
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Conclusions 
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From  the  investigation  mentioned  above,  following  conclu¬ 
sions  can  be  drawn: 

1)  The  maximum  torque  of  the  rnotoi  is  improved  by  making 
the  diameter  of  the  longitudinal  and  the  torsional  vibrators 
large.  For  example,  at  the  diameter  of  the  vibrator  was 
'20mm,  the  maximum  torque  was  1.3kgf  cm[3],  but  at  the 
diameter  of  the  vibrator  was  40mm,  the  maximum  torque 
was  9.4kgf  cm. 

2)  The  motor  didn’t  operate  effectively  at  the  resonance  fre¬ 
quencies  of  the  longitudinal  and  the  torsional  vibrations. 

3)  The  resonance  frequency  fn  went  up  according  to  increase 
.  of  the  rotor  pressing  force  and  the  /n-mode  trended  toward 

disappearance  of  response.  Hence  it  was  found  that  the  fn- 
mode  could  not  be  used  at  the  large  rotor  pressing  force. 

4)  The  resonance  frequency  /ti  also  changed  as  fn  did  under 
the  condition  that  the  frictional  surface  of  the  torsional  and 
the  longitudinal  vibrators  was  treated  by  fine  abrasive,  but 
the  response  of  this  mode  don’t  change  so. 

5)  It  is  expected  that  the  motor  characteristics  may  further  be 
improved  by  making  the  resonance  frequencies  f'l  and  Jt\ 
be  more  close  to  each  other  than  the  prototype  motor  in 
this  paper. 
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ABSTRACT  In  modified  PbTi03-BiFe03  system,  there  is  a 
morphotropic  phase  boundary(HPB)  between  tetragonal  and 
rhombohedral  phases.  The  electromechanical  properties 
of  ceramics  with  the  composition  near  MPB  were  ex¬ 
amined.  When  the  BiFe03  content  is  within  57.5-50mol%, 
there  is  mutation  of  electromechanical  properties  in 
the  modified  PbTiOj  system,  which  is  similar  to  the 
PbTi03-PbZr03  system.  In  order  to  explain  the  mutation 
on  electromechanical  properties,  the  microstructure, 
domain  structure  and  electronic  diffraction  of  samples 
were  observed  by  SEM.  It  is  found  that  the  specical 
microstructure,  domain  structure  and  one  dimensional 
superlattice  presented  in  the  samples  are  possible  rea¬ 
sons  which  result  in  excellent  electromechanical  pro¬ 
perties  tor  the  ceramics. 

Introduction 

In  1962,  Fedulov  S.  A.  etal.  fisrt  re¬ 
searched  the  characteristics  of  pure  PbTi03(PT)-BiFe03 
(BF)  system.  They  found  that  phase  transition  temper- 
ture  of  PT-BF  solid  solution  almost  increased  linearly 
with  BiFe03  contents  increasing.  In  this  system.  There 
is  a  morphotropic  phase  boundary  between  tetragonal  and 
rhombohedral  phases.  The  MPB  position  is  near  70wt% 
BiFe03.  When  BiFeOj  content  goes  beyond  25wt%,  ferro¬ 
electric  phase  and  weak  ferromagnetic  phase  coexist  in 
the  solid  solution  below  400‘C.  They  believed  that  the 
existence  of  weak  ferroraagnetiephase  destoried  the  good 
piezoelectric  properties  of  PbTi03  ceramics.  But  L.  E. 
Cross  etal.(l]  developed  the  piezoelectric  application 
of  PT-BF  system  in  1985.  By  using  proper  processing. 
They  have  prepared  piezoelectric-polymer  composites 
with  0-3  connectivity  for  transducer  application.  They 
believed  the  spontaneous  strain  in  PT-BF  system  is 
among  the  highest  for  any  piezoelectric  material.  This 
anisotropy  on  the  crystallographic  axes  is  the  source 
of  the  high  piezoelectric  coefficients  exhibited  by 
those  compositions.  The  anisotropy  and  its  temperature 
dependence  are  also  the  sources  of  strain  of  PT-BF 
crystallities.  This  limits  the  utility  of  these  com¬ 
positions  in  forming  dense  ceramics. 

In  this  study,  relations  among  composition, 
structure  and  properties  of  modified  PT-BF  system  were 
investigated.  The  possible  reasons  why  the  composition 
near  the  MPB  show  the  excellent  electromechanical  pro¬ 
perties  were  approached. 

Materials  and  Methods 

The  chemical  formula  for  modified  PT-BF  system 
is  [(Pb,Ln)Ti03]j_3j-[Bi(Fei_yMey)03Jj(.  where  Ln=La,  Pr, 
Nd,  Sm  or  Gd  and  Me=Mn,  Fe,  Nb  or  W,  x=0. 2-0.8,  y=0- 
0.2.  The  main  electromechanical  properties  of  the  sam¬ 
ples  were  measured  by  HP-4192A  impedance  analyser  and 
d33  meter.  The  microstructure,  domainstructure  and 
electronic  diffraction  were  observed  through  the  thin 
foil  specimens  with  a  H-800  SEM. 

Results  and  Discussion 

The  electromechanical  properties  of  Kj,  Xp,  Np, 
c,  tgi5  and  dgg  are  shown  in  Fig.Z.  In  each  of  the  pro¬ 
perties,  there  is  a  mutation  when  x  is  in  the  range  of 
0.5-0.6.[2]  The  optimum  properties  of  the  sample  in  the 
modified  PT-BF  system  are  listed  in  Table  1.  This  raa- 
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Fig. 4  (A)  SAD  electronic  diffraction  pattern  of 
(010)  zone  axis  of  specimen  near  MPB  composition 
(3)  Scheme  for  ordered  microarea  of  modified 
PT-BF  ceramics 

One  dimension  superlattice  has  been  observed  by 
electronic  diffraction  spectrum( Fig. 4(A) ) .  The  ordered 
.microarea  appeares  extensively  in  the  spectrum  with  the 
composition  near  f'PB.  For  the  crystal  structure  of  the 
ordered  microarea  of  modified  PT-BF  ceramics,  a  scheme 
has  been  established.  It  is  imagined  that  the  ordered 
microarea  is  a  tetragonal  structure  with  volume  of  cq’' 
2aQX2ag  which  consists  of  Pb2+,  3i3+  in  A  site  and  Ti*+ 

in  B  site  of  perovskite  structure  arranging  order¬ 
ly  in  a  ratio  of  1 : 1 (Fig, 4(B) ) .  Superlattice  in  cera¬ 
mics  has  obvious  influences  on  electromechanical  pro¬ 
perties.  [3]  Therefore  these  ordered  microareas  might  be 
a  structural  reason  of  considerable  electromechanical 
activity  of  the  ceramics  with  the  composition  near  ;iP3 
in  the  modified  PT-BF  system.  It  agrees  with  the  high 
anf  low  Q,^. 


Conclusion 

The  ceramics  with  the  composition  near  MP3  in 
the  modified  PT-3F  system  show  excellent  electrome¬ 
chanical  properties  of  high  Kj-  and  low  Q,^.  A  special 
microstructure  ,  more  intensive  domains  and  one  dimen¬ 
sion  superlattice  in  ceramics  may  be  a  reason  of  remark¬ 
able  electromechanical  activity  for  the  ceramics. 
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The  d’electric  and  piezoelectric  properties, 

;he  microati uctural  developments  and  crystal  struc- 
:ures  of  iPbo.80-xCdo.Q8Mex)(Tio.93‘‘"o.02 >^3  +  y(Sb203 
r  Nb205)wt%  (x=0-20moi%,  0sy<il.5,  Me=Ca,  Ba  or  Sr) 
iiere  investigated.  The  results  showed  t.hat  the  alka¬ 
line-earth  ions  content  influenced  strongly  on  the  el- 
;c tromechanical  properties  of  the  samples.  'Lhen  f'e=!S 
iiol%,  the  optimum  properties  presented;  '<[  =  55%,  Kp=0, 
;t/!<p— ,  Qm=60,  k53/£q<250,  t3,K1.5%  and  d33=70xl0-12 
;/N.  The  effects  of  the  poling  electric  field  on  such 
properties  were  studied  •  SEf'  and  XRD  revealed  that  the 
reramic  microstructure  changed  obviously  and  tetra- 
gonality  (c/a)  decreased  due  to  the  Me  ions  doped.  It 
vas  suggested  that  both  th''  microstructure  and  crystal 
=;tructure  are  resonsible  for  such  behaviors 

Introduction 

Modified  PbT’Og  ceramics  has  attracted  much 
attention  in  view  of  ' ts  excellent  electromechanical 
anisotropy  and  low  dielectric  constant.  It  is  expected 
to  be  a  promising  piezoelectric  materials  in  the  field 
of  nondestructive  testing  for  metals(MDT)  and  ultra¬ 
sonic  medical  diagnosis.  ?.  Duranfl]  and  Y.lto  etal.[2J 
respectively  re  "arched  on  the  electromechanical  pro¬ 
perties  of  alkalii. e-earth  or  rare-earth  oxides  modified 
PbTiOg  based  piezoelectric  ceramics  and  obtained 
materials  with  large  anisotropic  electromechanical 
coupling  factor(Kt/Kp)  and  low  dielectric  constant. 
Authors[3]  of  this  paper  have  systematically  studied 
rare-earth  oxides  Gfl203  and  small  amounts  of  transi¬ 
tion  metal  oxides  Mn02  modified  PbTiOg  ceramics(Gd-PT) . 
In  this  study,  by  adding  alkaline-earth  oxides  in  Gd- 
PT  ceramics,  the  dielectric,  piezoelectric,  crystallo¬ 
graphic  properties  and  the  microstructure  of  rare- 
earth  and  alkaline-earth  oxides  complex  modified 
PbTiOg  ceramics  have  been  investigated. 

Experimental  Procedure 

The  following  compositions  of  modified  lead 
titanate  ceramics  were  prepared  by  conventional  piezo¬ 
electric  ceramics  technique:  (Pbo.08-xG<^0.08’l6x^ 
^^^0.98“'’0.02)  +  y(Sb203  +  Mb205)wt%,  where  Ke=Ca^+, 
3a2+  or  Sr2+>  x=0-20mol%,  0<y<1.5.  Applied  with  fired 
silver  electrodes,  these  samples  were  poled  under  an 
electric  field  of  50  to  60kv/mm  in  120’C  silicon  oil 
for  15  minutes. 

The  piezoelectric  and  dielectric  properties  of 
the  samples  were  measured  according  to  IRE  standard. 
Crystal  structure  was  examined  with  XRD  and  IR  methods. 
The  micrographs  of  the  sample  were  carried  out  by  SEM. 

Results 

Fig.l  shows  the  effects  of  the  alkaline-earth 
ions  Me  amount  on  the  dielectric  properties  of  the 
samples.  As  can  be  seen,  with  the  addition  of  Me  con¬ 
tent  from  0  to  20  mol!?,  the  relative  permittivity 
'33/'^0  increases  from  145  up  to  350.  When  10mol%  fie  is 
employed  to  the  composition,  the  dielectric  loss 
factor  tg(5  presents  a  special  maximum,  but  other  ad¬ 
ditions  of  Me  will  reduce  value  of  tg5.  The  dependence 
of  piezoelectric  properties  d33^  Kt  and  Kp  on  Me  con¬ 


tent  is  shown  in  Fig. 2.  With  increasing  Me  amount  from 
0  to  15mol%,  d  jj  increases  liniMrlv  from  44x  10'^  2;- 
to  70xl0^12j.yf;  then  abruptly  tails  down  to  9xlU''-c'J 
when  20(nol%  Me  was  added.  The  appropriate  amounts  of 
doping  alkaline-earth  ions  can  pronouncedlv  enhance 
the  anisotropic  electromechanical  coupling  factor,  i.e. 
increase  electromechanical  coupling  factor  ior  thick¬ 
ness  vibration  k't  and  decrease  that  for  planar  vibra¬ 
tion  Kp.  Fspecially  for  the  sample  tontaining  15mol5 
Me,!<j  increases  up  to  54%  and  Xp  reduces  down  to  0. 
However,  further  increasing  of  Me  content  to  JOmoIt 
will  greatly  lower  the  piezoelectric  properties  of  the 
samples. 


Fig.l  Dielectric  properties Cn/c®  and  tg5  vs. 
alkaline-earth  ions  content 


Fig. 2  The  dependence  of  d33.  Kj.  and  Kp  on 
Me  content 


Electromechanical  properties  of  the  piezoelec¬ 
tric  ceramics  strongly  depend  on  the  poling  conditions. 
In  this  study,  the  specimens  with  15mol%  Me  are  chosen 
to  examine  the  effects  of  the  poling  electric  field  on 
Xt,  Kp,  d33  and  as  shown  in  Fig. 3  and  Fig. 4.  As  the 
poling  electric  field  intensifies,  d33  and  K^  mono- 
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jnically  rise  and  Kp  is  zero  in  the  whole  poling  pro- 
?ss.  When  the  Doling  electric  field  is  iKV/tnm,  Qu 
.'aches  to  the  naxinum,  and  further  increase  of  Che 
tling  electric  ‘iijd  will  rt-sult  in  the  gradual  decrease 
f  Qm-  As  a  resmt,  tlie  s[*ci™-n  i.s 'ibtained  with  moderate 
Ikal  ine-earth  an  i  lare-eartt)  oxides  and  appropriate 
jling  tjlectric  field,  and  presents  iip=0,  d  ^3= 

,).xUr*“c/N',  t  and  £[, 'r,,  <2d0. 


lig.4  The  dependence  ol  fit  ""  >  poling 
e  1  f'c  trie  f  i  e  I  d 


Hy  analvsing  XK’I.!  pattem.s  and  Iff  spectra  of 
'.he  samples,  it  is  found  that  the  lattice  di.slorcion 
"osult.s  from  the  doping  a  I  ka  1  i  ne-eart  h  ion.s.  Compare 
:he  Urttice  parameters  of  fhe  specinten  with  13r,iol%  f.e 
xith  those  of  Cd-PT  ceramics,  c  decrea.se.s  from  0.41274 
im  to  0.406  )4ntr,  while  a  reduces  from  0.38‘-)9nm  to 
).3fl6Mnm  and  c/a  ratio  al.so  liecrea.ses  from  1.0A9  to 
1.050.  From  the  IR  spectra  of  the  samples,  as  shown  in 
•'ig.5,  it  is  observed  that  doping  a  I  ka  1  i  ne-earth  ions 
tan  change  the  stretching  vibrition  ot  lTiO(,|  octahe- 
irons,  that  is,  the  absorption  peak  at  560cm"'  moves 
to  590cm'''  and  the  peak  at  ThOcm'  disappears. 

Pig. 6  shows  the  micrographs  of  Che  micro  struc¬ 
tural  developments  of  the  specimens  with  variable  Me 
ontent.  As  coin  be  seen,  with  incaeasing  Me  content 
from  5mal%  to  20mol%,  the  regular  polygonous  grains 
xith  anaverage  grain  siz('  of  approximate  4 ten?  gradua I ly 
thange  into  the  com  avo-ront ave  irregular  grains  with 
rn  average  grain  size  of  2trni.  Correspond  i  ng  to  the  varia¬ 
tion,  a  wide  distribution  ot  grain  size  is  gradually 
"oimed.  Rather  typictiilv,  loi  t  In-  sample  with  15mol% 

■le,  the  mi crost rut t ura  1  densitv  is  sm.iller  than  those 
)f  the  other  two  compositions.  Loosely  .irranging 
'rains,  broad  grain  boundaries  and  porosities  can  be 
ibserved  in  t  ■  sample. 

Disc  u.s.s  ion 


Spontaneous  .stra’r  fi  as  a  parameter  of  crystal 
itri.ctiire  is  taken  into  account.  Pc>r  the  ferroelectric 
telragonal  phase,,?  is  relateil  to  c/a-1.  According  to 
the  theory  of  ferroelectric  thermodynamics,  a  relation¬ 
ship  between  I?  and  spontaneous  polarization  is 
>iven  by  ,?=kPjj-,  where  k  is  a  constant.  After  the  alka- 
. ine-earth  oxides  aie  induced,  two  effects  will  be 


Fig. 5  IR  spectra  of 
(aKPb.Gd  VT.,'ln)()3 
(b)(Pb,(;d,Mc().  15) 
(Ti,Sn)0) 

( c  )  ( Pb  ,Gd , -deQ 
(Ti  .‘In  lO-j 


caused:  (1)  If  k  is  constant  be¬ 
fore  and  after  the  doping  of  Me 
ions,  Che  rc'duction  of  A  which  >s 
induct'd  bv  the  [iLcij^i  octahedron.s 
compression  distortion  and  the 
decrease  ol  r/a  ratio  wil!  de- 
t  rc'ast  1’^  calue.  id'  Pb-'*'  icuis 
be’ing  substituted  fo  de  loU'  with 
■  t  lower  pol  a  r  1  za'i  1  1  ;  t also  ca'  ,  s 
P^  fail.  Dt'c  a.nsii  1  ■  e  sr.o't-d  t 0 
for  a  ■  'tie.gonal  t  01  roc' K  c  1 1  1 
sin-'lc'  tivstal,  I  oe  ii  p,  n  ien,  e 
pi'  I  c,  1 1 1  1  V  1 1  V  I'.n  1C  Is 


'■6 

-JAedb'C" 


=2A  +  2'>f' 


)' « 
t  ot 


dopil, 


glbli  ,  the  redut  t  loii  o!  i'  w!  i  I 
raise-  tile  pc-r'm  i  t  *  i  v  i  t 'c .  ^o  ,!  i- 
not  dilfuuit  to  kii'-'W  that  trie 
I  nc  r  cas  I  figf ,,  Cn  of  t.he  polcii.- 
slalliue  sjmpl.  s  arise  t  rom  l!,e 
same  befiacior  -if  .  llocc-cc-r,  -n 
t  fiC  otb.er  tiand,  '.li-c  reas  1  rig  c  a 
ratio  al.so  lowers  t  tie  internal 
stress  induct'd  !)V  9"*  doTiain  :o- 
I  It  ion,  and  hence  t  tie  nuiTiber  ot 
9(1*  doni.iin  rotation  will  lo-.e. 
rtiis  bi'liavioi  can  lead  to  '  to 
dec.rC'jse,  but  t  tie  ileona.se  is  ntif 
domiiuini  (  orip.ired  ■,  1 1  ti  the  c'lfect 
of  1/.,.  Itie  resulting  efiect  is 
that  t  lie  lelative  per.ti  i  1 1  1  \  1 1  v 
''ll '*^0  rises  with  increasing  'ie 
.ir.ount  . 


According  to  t  tie  ierro- 
olectru:  t  iiermod  ynam  i  t  s ,  dj'j  for 
p  iczoe  lec  f  1  i  t  ti'tamics  is  giieii 
by 

'oer'’'’ll'  r 

where  tfn  i  .s  e  1  ec  t  rost  r  i  c  t  i  ve 
coefficient  and  is  an  approximate- 


Fig. 6  Scanning  electron  microf .'ap'is  of  the  samples 
(a)  doped  with  5mol%  Me  (b)  doped  with  Ihnol'P  ’-le 
(c)  doped  with  20mol%  Me. 
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instant  tor  perovskice  structure,  Pr  is  the  remanent 
ilartzation  which  is  the  proiiuct  ot  both  factors, 
imely,  the  number  of  domains  alianeu  in  the  direction 
the  electric  field  and  the  value  of  Ps-  After  the 
uples  are  doped  with  Me  ions,  inspite  of  the  reducing  of  P^,  the 
imber  of  90'  domain  rotation  greatly  rises,  which  is 
le  to  the  decrease  of  coercive  field  Eg  caused  by  the 
a  reduction.  Finally,  Pr  is  increasing.  In  patcicular, 
le  specimen  with  l'imo!%  Me  presents  a  microstructure 
th  broad  grain  boundaries  and  more  porosities,  and 
le  microstructure  acts  as  such  a  smaller  pinning  ef- 
•ct  on  the  domain  wall  motion  that  the  number  of  90' 
■main  rotation  will  be  more.  Thus  P,.  increases  and  so 
les  .  As  a  result  of  these  factors,  with  the  dosing 
•  ions  amount  increase,  d-^-j  rises  linearly  and  shows 
maximum  when  the  specimen  containing  15mol%  Me.  The 
dition  of  excess  Me  ions  causes  d33  to  drop  abruptly, 
obably  due  to  the  reduction  of  Ps  being  dominant. 

Although  the  mechanism  of  the  electromechanical 
lisotropy  for  modified  PbTi03  ceramics  is  not  clear, 
ime  studies|l|  have  shown  that  the  large  electrome- 
lanical  anisotropy! I\'t /k’p)  and  value  are  usually  re- 
ited  to  a  low  c/a  ratio.  The  present  work  also  indica- 
■s  that  when  lnmo'%  Mo  is  doped,  K  approaches  to  zero 
id  Kt  reaches  to  the  maximum  of  Correspondinglv, 

le  c/a  ratio  is  I.O'iO  and  microstructure  with  wide 
rain  boundaries  and  more  pcrosities  is  occurred.  The 
’vstal  structure  and  mic rosl rue t ure  can  give  rise  to 
le  maximum  amount  of  domains  aligned  in  the  direction 
electric  field  applied.  So  the  distribution  of  do- 
lins  in  the  direction  of  electric  field  is  an  impor- 
int  factor  in  improving  the  electromechanical  aniso- 
opy. 

The  dependence  of  the  electromechanical  pro- 
•rties  of  the  samples  on  the  poling  electric  field  is 
tually  that  such  properties  are  as  a  function  of  the 
imber  of  domains  aligned  in  the  direction  of  poling 
ectric  field.  With  the  increasing  poling  electric 
.eld,  the  amount  of  domains  paralleled  to  the  poling 
ectric  field  increases  and  the  electromechanical  pro- 
>rries  are  improved  gradually. 

Conclusion 


I)  A  moderate  amount  of  rare-earth  and  aika- 
.ne-carth  oxides  combined  modified  PbTi03ceramics  ex- 
bit  an  extremely  high  anisotropic  electromechanical 
lupling  factor. 

’)  The  lower  c/a  ratio  and  the  microstructure 
,th  wide  grain  boundaries  and  more  porosities  can 
’ad  to  the  increase  of  domains  paralleled  to  the  poling 
lectric  field,  and  hence  improve  the  electromechanical 
■open  ies. 
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In  this  work  tetrabutyl  titanate  and  lead  ace¬ 
tate  are  used  as  the  precursors  to  prepare  ultrafine 
lead  titanate  powders  through  sol-gel  process.  The  re¬ 
sults  indicate  that  powders  with  high  purityCPbTiOj 

concentration  99.67'.’t%),  small  particle  size(average 
particle  size  0.1/tm)  and  narrow  size  distribution  can 
be  obtained  via  sol-gel  process.  The  sol-gel  derived 
gel  highly  crystalized  after  heat  treated  at  AQO^C  for 
2  hours.  It  is  also  found  that  Pb(C;.'^f'0, ).,  can  be  ef¬ 
fectively  dehydrated  at  190°C  for  several  hours. 

IFTRODl'CTIO:' 

Lead  titanate  piezoelectric  ceramics  is  a  pro¬ 
mising  material  due  to  its  high  Curie  temperature, 
large  eletromechanicai  coupling  factors  and  low  dielec¬ 
tric  constant.  However,  PhTiO^  pteparefi  via  conventional 
methods  exhibits  poor  sintering  behaviors.  This  owes 
primarily  to  the  high  boundary  energy  of  its  grains. 
Though  modified  lead  titanate  ceramics  can  be  produced 
by  doping  addi t i ves, (  1  |  [ 2  |  the  Curie  temperature  and 
some  other  electromechanical  properties  are  demaged  to 
some  degree. 

To  obtain  PbTiO^  ceramics  with  high  performance 
and  good  reproduc i bi 1 i ty ,  it  is  important  to  prepare 
superpurc,  ultrafine  and  narrowly  distributed  PbTiOj 
precursor  powders  with  high  chemical  activity.  There 
have  some  reports  on  preparing  PbTiO^  materials  through 
sol-gel  process! '3 1 1  4 )  I  5  J  but  few  on  preparing  PbTiO- 
precursor  powders.  As  the  most  effetive  method  for  the 
preparation  of  high  performance  powders,  sol-gel  tech¬ 
nique  meets  the  higher  and  higher  demands  for  precursor 
powders  of  today's  high  performance  ceramics. 

In  this  work  the  technological  procedure  of 
sol-gel  process  for  the  preparation  of  ultrafine  PbTiO^ 
powders,  which  uses  tetrabutyl  titanate  and  lead  ace¬ 
tate  as  the  precursors,  and  the  characteristics  of  the 
derived  powders  arc  investigated. 

KXFER  IMFl.'TAL  PRilCFDURES 

Raw  Materials 

Tetrabutyl  t  i  t anat e(Ti  ) ,  hydrous  lead 

acetateC PblCH^rO.,)^' 31120) ,  absolute  ethyl  alcohol  and 
ethylene  g  1  ycol , '"used  as  supplied,  are  the  raw  mater¬ 
ials  in  Lh.s  study. 

Dehydrat ion  of  Lead  Acetate 

The  hydrous  lead  acetate  is  putted  in  the 
evaporating  dish  and  simply  heated  at  190°C  for  several 
hours.  The  anhydrous  lead  acetate(Pb(GH  CO  ), )  is  then 
del i ved . 


*  project  supported  by  the  Open  Research  Laboratory  of 
High  Performance  Ceramics  and  Superfine  Microstructure 
Studies 


Preparation  of  Ultrafine  Lead  Titanate  Powders 

The  preparing  procedv  e  is  listed  as  following 


The  solubility  of  anhydrous  lead  acetate  in  ab¬ 
solute  alcohol  is  increased  because  of  the  presence  of 
ethylene  glycol.  Furthermore,  ethylene  glycol  in  the 
system  can  reduce  the  hydrolysis  rate  of  tetrabutyl 
titanate  to  match  that  of  lead  acetate.  The  balanced 
hydrolysis  rates  are  the  basis  of  the  homogenity  and 
purity  of  the  obtained  gel. 

Tests  and  Analyses 

Phase  analyses  were  performed  with  a  D/raax-rb 
X-ray  diffractometer  on  the  dehydrated  lead  acetate  and 
lead  titanate  powder  samples  heat  treated  at  different 
temperatures.  Thermal  analyzer  LCT-II  was  used  to  con¬ 
duct  differential  thermal  analysis  and  thermalgravioetry 
on  the  air-dried  PbTiO^  gel.  The  heating  rate  in  these 
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peak  at  86  C  on  DlA  curve  alonu  1  w'ight  loss  on 

TC  curve  owes  to  the  vo  !  at  i  li /ill  i  on  ol  entiiiiol  and  water 
in  the  g£“l.  The  burint;  out  oi’  the  orgtinir  compounds  and 
substituents  cause  the  heat  release  at  on  DTA 

curve  and  a  20%  weight  loss  on  T(i  curve.  Another  heal 
release  peak  appears  at  396“C  on  DTA  curve  act  or, pained 
with  no  significant  TO  effect.  This  is  caused  by  the 
crystallization  of  PbTiO.^  powders  at  this  temperature. 

Phase  A na lysis  by  X R D 


analyses  was  controlled  to  be  20°(7min.  For  the  lead 
titanate  powders  heat  treated  at  400“C  tor  2  hours,  the 
particle  size  and  appearance  were  obsei ved  through  a  H- 
800  electron  microscope.  The  purities  of  anhydrous  lead 
acetate  and  obtained  lead  titanate  powders  were  deter¬ 
mined  by  chemical  analysis. 

RKSL'LTS  a;;d  niscjssiur-is 

Dehydration  of  Lead  Titanate 

Fig,  I  shows  the  XRD  pattern  oi  tl.e  hydrous  lead 
acetate  dehydrated  at  190°C.  Only  the  anhydrous  lead 
acetate  diffraction  peaks  appear  in  the  pattern.  Chemical 
analysis  revealed  that  the  concentration  of  lead  ace¬ 
tate  in  the  dehydrated  sample  is  99.87wt%.  Tlie  un¬ 
animous  results  of  XRD  and  chemical  analysis  suggest 
that  hydrous  lead  acetate  can  be  effectivlv  dehvdrated 
at  IDO'^C. 


The  XRD  pattern  for  the  obtained  PbTiOj  powders 
heat  treated  at  different  temperatures  are  shown  in 
Fig. 3.  It  has  been  enviced  that  the  sample  exists  pi in- 
cipally  in  amorphous  state  after  heat  treated  at  dOO^C 
for  2  hours  while  400°C  heat  treat  promotes  the  crystal¬ 
lization  significantly.  The  result  shows  no  difference 
with  TG-DTA  analyses.  Besides,  the  concentration  of 
lead  titanate  in  derived  ultrafine  powders  is  99.67wt'' 
according  to  chemical  analysis. 


0— 
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Fig.l  XRD  pattern  of  dehydrated  lead  acetate 

Differential  Thermal  Analysis  and  Thermalgravimetrv  for 
Dried  Lead  Titanate  Gel 

Differential  thermal  analysis  and  thermal- 
gravimetry  were  conducted  on  the  derived  gel  dried  at 
80°C.  The  results  are  shown  in  Fig. 2.  The  endothermic 


IMG  3D0  5GG  700 

Ter.percturc  (°C) 

Fig. 2  TG-DTA  curves  of  the  dried  PbTiO  gpl 
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Fig. 3  XRD  patterns  for  PbTiOj  powders  (ai  heat 
treated  at  300°C  for  2h  (b)  neat  treated  at 
400°C  for  2h 

Particle  Size  and  Appearance  Observation  throusn  T’ 


Fig. 4  TEfI  riicrograph  of  PbTiO^  powders 


.‘>52 


The  particle  si/e  and  appearance  of  the  ultra- 
fine  powder  saciple  heat  treated  at  400“C  for  2  hours 
were  observed  thiough  Ti"!,  as  shown  in  lig.4.  According 
Co  the  mic rogr.iph ,  Che  average  particle  size  of  the 
sol-gel  derived  lead  titanale  powders  is  O.^n.  It  is 
also  revealed  that  the  powders  are  narrowly  distributed 
in  si/e  and  arc-  spherical  and  polyhedral  in  appearance. 

(yy-I  I'Srr.'S 


I.  Lead  acetate  can  be  effectively  dehydrated 
al  IC'O-C. 


2.  I.eail  til.iiiate  pii>cursor  powders  for  ceramics 
with  high  puiiiv,  srj.’U  praticle  si/e  and  narrow  size 
d  ist  I  i  I'ut  i  Oil  can  i>e  prep,  ted  thioinh  sol-gel  process. 

i.  !!.(•  s.)i-'el  d.  l  ived  lead  titanate  powders 
crvstalM/ed  ..t  ii  l.ilivelv  lower  t eraporature . 
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ABSTRACT 

A  method  has  been  developed  using  poled 

lead  zirconium  titanate  (PZr)  ceramic  by  the 
application  of  charge  recovery  technique.  The 

charge  decay  is  due  to  compensating  charges  coming 
to  the  PZr  surfaces  from  the  atmosphere  and/or 

oy  electrical  loading  of  the  '  these  charges 

screening  the  intrinsic  PZT  chargt.  In  this  paper 

PZT  decayed  charge?  ally  recovered  by  the  charge 
reactivation  process  and  found  constant  voltage  on 
the  PZT.  Thus  ■  .overed  dc  voltage  of  PZT  made 
use  of  development  of  dc  voltage  standard  for 
intercomparison  at  constant  temperature. 

INTRODUCTION 

Lead  Zirconium  Titanate  (PZT)  is  being 

commonly  used  in  pressure  transducers  for  dynamic 
applications,  such  as  for  producing 

micro-displacements  for  laser  cavity  -  adjustments 
and  other  transducer  applications  [1).  There  is 
now  considerable  interest  in  the  area  of 
ferroelectric  materials  for  use  as  non-volatile,  high 

speed  random  access  memories  (PRAMS)  [21.  Among 
Che  many  types  of  ferroelectric  perovskites,  PZT 
class  of  ferroelectrics  ace  being  used  for  PRAM 
type  applications.  For  such  applications,  PZT's 
also  need  to  have  good  resistance  to  bipolar  voltage 
cycling  (fatigue  resistance);  good  retention  of 
polarisation  states  and  resistance  of  ageing .  In 
this  paper  we  shall  be  describing  a  method  of  use 
of  poled  PZT  for  dc  voltage  standard  applications 
for  inter-comparison  (at  different  countries).  The 
proposed  method  is  based  on  Che  electret  nature 
and  application  of  charge  activation  or  recovery 
technique.  The  charge  reactivation  technique  is 
described  in  detail  elsewhere  [31. 

It  is  essential  and  proper  to  describe  here 
Chat  PZT  bars  and  discs  being  ised  for  dc 

voltage  standard  were  giving  a  self  voltage  [4l 
which  was  varying  with  time  and  weather 
conditions.  It  is  difficult  to  neutralise  or  nullify 
the  seif  voltage  would  be  varying  in  uncontrollable 
way.  Of  course,  for  dynamic  applications,  the 

instant  change  in  the  self  voltage  or  in  other 
words,  the  voltage  generated  by  piezoelectric  effect 
would  pass  through  a  capacitor  produced  in  the 

PZT  system  and  so  these  above  mentioned  dynamic 
applications  will  not  suffer  for  existence  of  a 
varying  self  voltage. 

But  the  author  observed  rapid  enough  charge 
decay  in  PZT  and  proposed  a  mechanism  [51-  A 

simple  and  practical  method  was  evolved  to 

successfully  revive  decayed  charge  on  PZT .  Before 
describing  the  mechanism  of  charge  decay  author 
noted  that  since  the  excess  poled  charge  at  and 
near  the  surface  of  PZT  is  trapped  to  depth  of 
1-2  eV  and  the  aligned  dipoles  are  rigidly  fixed 
up  at  room  temperature,  the  intrinsic  PZT  charge 
at  room  temperature  is  immobile  and  so  far  the 
charge  on  PZT  to  decay,  compensating  external 
charge  must  come  to  the  PZT  surface.  In  the 

following  is  suggested  how  this  can  happen? 


In  author's  view  the  compensating  charge  can 
come  from  the  floating  charge  (of  both  polarities) 
present  in  the  atmosphere  and  from  electrical 
resistance  across  the  PZT  if  any.  The  electrical 
load  will  supply  mobile  charge  carriers  which  would 
move  to  each  of  Che  PZT  faces  (having  the  opposite 
intrinsic  charge)  under  the  driving  voltage  of  the 
poled  PZT  itself  and  compensate  this  intrinsic 
charge,  all  this  resulting  in  the  PZT  becoming 
inoperative. 

Basic  premise  in  our  thinking  is  chat 
compensating  charge  coming  to  the  PZT  faces  through 
electrical  loading  or  otherwise  screens  the  intrinsic 
PZT  charge  but  does  not  destroy  it.  Hence  the 
PZT  is  only  apparently  decayed  its  charge  but  is 
not  really  so.  The  question  now  arises,  can  the 
screening  charges  be  removed,  thus  reviving  the 
PZT  charge  or  voltage?  The  answer  is  fortunately 
yes  as  provided  by  the  charge  reactivation 
technique . 

EXPERIMENTAL 

In  our  experimental  work,  either  PZT  discs 
of  diameters  about  22  mm  and  thickness  3  mm  were 
used  or  PZT  cylinder  ical  bars  (originally  designed 
to  be  used  as  gas  lighters  of  dimensions  15  mm 
length  6  mm  diameters  of  top  and  bottom  faces) 

were  used.  PZT  faces  were  marked  plus  (  +  )  or 

minus  (-)  corresponding  to  polarity  of  voltages 

applied  to  the  faces  for  poling  (necessary  for 
obtaining  the  piezoelectric  effect  for  the  PZT's). 

Both  the  faces  of  each  of  the  PZT  samples  were 

silvered.  It  was  observed  and  found  that  positive 

voltage  on  the  face  marked  (  +  )  could  be  apparently 
as  in  electrets,  the  positive  electrode  would  orient 
towards  it  the  negative  charges  of  PZT  or  negative 
electrode  would  orient  the  positive  charges,  even 
for  this  effect  also  there  seem  to  be  no  clear 

indication  in  literature  [6]  that  this  would  be  so. 

However,  our  results  experimentally  observed 
occasionally  (face  marked  (-)  shows  positive  voltage 
and  vice  versa)  was  equivalent  to  the  hetro-voltage 
of  the  PZT  operating  as  an  electret.  If  this  so, 

author  forcefully  concluded  that  opposing  kind  of 
voltage,  i.e.  opposite  to  the  hetro-voltage  is 
nothing  but  homo-charge  on  the  PZT  faces.  PZT 

either  exhibit  a  hetro-charge  or  homo-charge  or 
even  almost  zero  voltage  depending  upon  weather 

conditions.  On  our  thinking,  this  fact  due  to 
screening  of  both  hetro-  and  homo-  charges 
independently  of  each  other,  the  net  charge  or 
voltage  is  also  depending  on  th  initial  hetro-  and 
homo-  charges  present  before  the  decay  began. 

By  proper  application  of  charge  reactivation 
technique  on  the  PZT  disc  or  bar,  the  surface 
voltage  of  PZT  increased  towards  the  maximum  of 
the  hetro-voltage.  The  voltage  accuraately  measured 
with  the  PET  input  voltmeter  (Keithley  Electrometer 
Amplifier,  610  model)  within  the  accuracy  available 
(+  10  uv).  The  fully  reactivated  d.c.  voltage  of 
P^T  was  found  constant  enough.  Thus,  it  was  seen 
that  measuring  the  open  circuit  recovered  voltage 
of  PZT  on  successive  days  for  about  one  month 
remained  constant  within  the  accuracy  mentioned 
above. 
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In  this  method,  of  use  of  poled  PZT  for  d.c. 
voltage  standard,  all  what  one  has  to  do  at  place 
of  measurement  is  the  application  of  charge  recovery 
tecnnique  to  get  the  maximum  open  circuit  voltage 
for  the  PZT  concerned  and  subject  it  to  the  relevant 
measurements  afforded  by  the  standards  laboratory 
concerned  at  a  pre-fixed  temperature.  The 

constancy  of  temperature,  is  of  course  important 
because  the  open  circuit  voltage  of  PZT  is  sensitive 
function  of  temperature.  It  follows  that  this  method 
for  intercomparison  of  d.c.  voltage  standard  would 
become  all  the  more  feasible  and  practical  if  PZT's 
of  decreased  temperature  sensitivity,  than  those 
available  at  present,  were  developed. 

In  principle,  the  electrets  should  also  serve 
for  voltage  standardisation  but  this  was  not 

investigated . 

DISCUSSION  OF  RESULTS 

The  method  is  extremely  simple  in  operation 
of  charge  activation  process  and  its  measurements. 
Here,  it  may  be  stated  that,  in  principle,  while 
measuring  d.c.  open  circuit  voltage  of  PZT,  the 

PZT  should  be  revived  fully.  A  fundamental 
significance  of  charge  recovery  technique  and  its 
success  shows  that  almost  all  the  mechanisms 

suggested  for  charge  decay  has  been  summarized 

by  Sessier  et  al  [7]  only  for  academic  interest 
not  applying  in  practice.  Here,  the  obvious  effect 
of  humidity  in  producing  the  apparent  charge  decay 
may  be  discussed.  The  adverse  effect  of  humidity 
is  most  probably  due  to  electrical  loading  of  the 
PZT,  the  water  film,  connecting  the  two  opposite 
surfaces  of  the  PZT,  forming  are  electrical  shunting 
path  (of  finite  electrical  resistance)  between  the 
two  surfaces.  This  path  would  polarising  charges 


of  opposite  polarities  to 
surface  charges  of  PZT . 

the 

inherent , 

intrinsic 

The  above  suggests 

that 

for 

tne 

over  all 

process  of  charge  decay 

of 

P2T/ 

the 

polarising 

charges  can  also  come  from  the  atmosphere.  Since, 
it  contains  charges  of  both  polarities  [3] ,  the 
resulting  decay  of  charge  of  the  PZT  surface  would 
be  due  to  attraction  of  opposite  charges  from  the 
atmosphere  and  the  shunting  effect  of  moisture  or 
any  other  intended  or  non-intended  electrical  load 
(across  the  PZT  surfaces).  The  charge  reactivation 
technique  merely  depolarises  the  polarised  surface 
due  to  the  fact  that,  as  has  been  mentioned  above, 
the  polarising  external  charges  are  as  firmly 
bound  to  the  PZT  surft  s  than  the  polarised , 
inherent  surface  charges  the  PZT  faces.  In 

reverse,  the  success  of  the  charge  reactivation 
techniques  also  indicates  that  the  PZT  charges  in 
the  bulk  or  on  Che  surface  are  stable  enough  against 
the  destabilising  effect  of  the  internal  electric  field 
of  the  PZT. 

The  success  of  this  method  has  one  more 
fundamental  aspect  in  that  a  way  has  been  found 
for  releasing  the  polarising  but  less  strongly  bound 
charges  present  on  the  insulator  surfaces.  This 
fact  has  also  made  the  matter  of  using  PZT's  as 
portable  constant  d.c.  voltage  sources. 

Electrical  nature  of  ferro  electrics 


with  electrets  went  a  step  further.  The  ceramic 
(PZT)  exhibited  both  homo-  and  hetro-charge  in 
the  proceoo  of  contact  reversals.  The  homo-charge 
must  be  due  to  charges  transferred  from  the  poling 
electrodes  to  the  ceramic  surfaces  (in  the  act  of 
poling)  and  getting  trapped  therein. 

CONCLUSION 

A  simple,  portable  d.c.  voltage  standard 
method  has  been  developed,  using  poled  PZT,  by 
the  application  of  charge  revival  process.  It  was 
round  that  the  maximum  open  circuit  voltage  of  the 
PZT  has  been  recovered  and  measured  within  the 
accuracy  (+_  10  uv).  It  was  also  confirmed  by  the 
observations  that  the  PZT  d.c.  voltage  source 
remained  constant  on  different  places. 
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The  success  of  the  charge  activation  process 
enabled  us  to  unravel  the  electret  nature  of 
ferroelectrics,  both  single  crystal  and 
poled-ceramic .  By  carrying  out  contact  reversals, 
both  the  kinds  exhibited  surface  voltage  and 
therefore  charge.  For  poled  ceramics  the  analogue 
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Abstract 

The  electrical  properties  of  antiferroelectric  lead 
zirconate(PZ)  with  relaxor  ferroelectric  lead  zinc 
niobate(PZN)  are  studied  from  an  application 
viewpoint  of  the  field-induced  phase  transition  near 
the  morphotropic  phase  boundary.  According  to  the 
addition  of  lanthanum,  the  curie  point  decreased 
with  increasing  lanthanum  up  to  3m/o,  whereas  for 
AF-FE  boundary  it  increased  with  increasing 
lanthanum,  Over  4m/o  lanthanum,  it  can  be  find 
paraelectric  and  antiferroelectric  region.  The  effect  of 
composition  of  lanthanum  and  temperature  on  the 
dielectric,  pyroelectric  and  P-E  hysteresis  are 
reported. 

I.  Introduction 

Most  of  the  antiferroelectric  or  ferroelectric  oxide 
ceramics  with  relaxor  are  important  for  piezoelectric, 
pyroelectric  device  application  as  actuators’-^. 
Among  the  vast  range  of  perovskite  structure 
compounds,  solid  solution  compositions  of 
antiferroelectric  lead  zirconate(PZ)  with  ferroelectric 
perovskite  give  interesting  piezoelectric  and 
pyroelectric  properties  near  their  antiferroelectric(AF) 

-  ferroelectric(FE)  phase  transition  and  morphotropic 
phase  boundary. 

Lanthanum-modified  lead  zirconate  titanate(PLZT) 
ceramics  have  interesting  electrooptic  properties. 
Their  electrical  and  structural  properties  were  initially 
reported  by  Heartling  and  Land**. 

In  this  study,  electrical  properties  of  the 
antiferroelectric  lead  zirconate  with  a  relaxor 
ferroelectric  lead  zinc  niobate  with  composition  of 
MPB,  0.929PbZr03-0.071  Pb(Zn,/3Nb2/3)03.  were 
investigated  to  the  dependence  of  the  change  of 
lanthanum,  PZZN-Lx  (1  x  5 ). 

II.  Experimental  Procedure. 

1 .  Ceramic  preparation. 

Ceramics  were  prepared  by  conventional  sintering 
technique  used  by  reagent  grade  oxide  powders  of 
PbO,  LagOg  ZrOg.  ZnO,  and  NbgOg  as  a  raw 
materials.  To  compensate  for  the  PbO  loss  during 
firing,  2w/o  excess  PbO  was  added. 


After  mixing  in  ball  milling  with  alcohol  for  12-14hr, 
the  powders  were  calcined  at  800’C  for  Ihr.  Calcined 
powders  were  ground,  and  mixed  with  3w/o  of  PVA 
binder,  and  were  pressed  into  disk  12mm  in  diameter 
for  cutting  for  the  desired  shape,  and  abouti  mm  in 
thickness.  The  binder  was  evaporated  during  a 
double  steps  heat  treatment  at  300'C  for  2hr  and 
500'C  for  2hr®.  Pressed  disks  were  sintered  at 

1250’C  for  1hr  in  PbO  atmosphere  with  Pb0  Zr02 
source  powder 

After  sintering,  ceramics  were  alternatively  cut  and 
polished,  and  were  coated  with  sputtered  gold 
electrode  for  electrical  measurements. 

2.  Electrical  measurements. 

The  dielectric  constants  were  measured  at 
frequencies  of  lOOHz,  IKHz,  lOKHz,  and  lOOKHz 
over  a  temperature  range  of  -80'C  -  240'C  by  using 
an  automated  dielectric  measurement  system  with  a 
multi  frequency  LCR  meter  and  a  desktop  compuler. 

A  modified  Sawyer-Towe  circuit  was  used  to 
recorded  the  P-E  hysteresis  behavior  of  the  samples 
at  a  various  temperatures®.  The  electric  field  was 
measured  by  the  X-axis  of  the  oscilloscope,  and 
polarization  of  the  sample  was  measured  by  the  Y- 
axis. 

The  pyroelectric  properties  were  investigated  with 
the  Byer-Roundy  method^.  To  measure  the 
pyroelectric  properties,  one  side  of  the  circular 
sample  of  thickness  over  0.2mm  was  electroded  by 
gold  sputtering.  On  otherside.  a  5mm  circular  spot 
electrode  was  sputtered  through  a  mask. 

Specimens  for  the  pyroelectric  property  were  poled 
by  dynamic  method  in  air  oven  with  an  electric  field 
30KV/cm  at  185’C. 

The  pyroelectric  and  P-E  hysteresis  measurements 
were  carried  out  to  determine  the  saturate 
polarization  remanent  polarization,  coercive  field, 
the  depolarization  temperature,  and  phase  transition. 

III.  Results  and  Discussion. 

Figure  1  is  the  plot  of  the  phase  relations  of  the 
PZZN  ceramics.  It  was  based  on  the  dielectric 
measurement,  pyroelectric  measurement,  and  P-E 
hysteresis  measurement.  According  to  the  these 
measurements,  it  can  be  divided  four  regions.  Those 
are  paraelectric,  ferroelectric-HT,  ferroelectric-LT,  and 
antiferroelectric  region.  The  phase  boundary  of  high 
tern  '•  -.lure  ferroelectric  phase-low  temperature 
ferroelectric  phase  at  -60'C  was  determined  by 
dielectric  measurement.  The  boundary  of 
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ferroelectric  -  antiferroelectric  for  (he  PZZN  930  -  935 
was  located  at  70'C  -  80’C  and  for  the  PZZN  925  - 
928  was  -5’C  -  -15'C.  For  the  room  temperature,  it 
was  divided  by  PZZN  928  -  930  with  the  large 
change  of  the  slope.  This  feature  means  that  it  can 
be  switch  the  phase  from  an  antiferroelectric  state  to 
ferroelectric  state  at  the  small  change  of  temperature 
near  the  PZZN  928  -  930  at  the  room  temperature. 

Figure  2  was  SEM  photographs  of  PZZN-LO  and 
PZZN-L3.  They  show  a  dense  and  uniform  grain  size 
in  the  sintered  samples.  The  samples  were  thermally 
etched  at  1200'C  for  30min  and  the  average  grain 
size  of  PZZN-LO  and  PZZN-L3  were  4pm  and  2pm, 
respectively. 


Phase  diagram  of 
PbZrOs -Pb(Zni/3Nb2/3)03  system. 

Fig,  1 .  Phase  relations  of  the  PZZN  solid  solution  system  at 
the  AF-FE  phase  boundary. 

Figure  3  shows  the  temperature  dependence  of  the 
dielectric  constants  for  PZZN-LO  and  PZZN-L2  during 
the  cooling.  The  dielectric  constant  of  PZZN-LO 
increased  to  peak  value  of  9000  at  the  transition 
temperature,  Tc=219’C.  The  dielectric  constant  of  (he 
PZZN-L2  show  anomalies  behavior  at  70  C  and  Tc 
was  204'C,  This  anomalies  between  the  phase 
boundary  between  the  antiferroelelctrric  phase(AF) 
and  the  ferroelectric  phase(FE).  Over  the  transition 
temperature,  the  ferroelectric  phases  were  changed 
to  paraelectric  phase. 

Figure  4  shows  the  temperatures  dependence  of  the 
dielectric  constants  for  PZZN-L  series.  The  transition 
temperature  of  PZZN-L3  was  184’C,  but  Tc  was 
increased  with  the  increasing  of  the  amount  of 
lanthanum®.  In  case  of  PZZN-L9,  Tc  was  235  C. 

Figure  5  shows  the  temperature  dependence  of 
the  pyroelectric  coefficient  and  the  remanent 
polarization  of  PZZN-LO  and  PZZN-L2.  The 
measurements  to  find  the  phase  boundary 


Fig.  2.  SEM  photograph  of  the  surfaces  of  the  PZZN- 
L0(a),  and  PZZN-L  2(b)  ceramics 
The  surfaces  were  thermally  etched  at  1200  C 
for  30min.  (bar=1pm) 


(a) 


Fig.  3.  Temperature  dependence  of  the  dielectric  constants 
for  PZZN-LO(a)  and  PZZN-L2(b)  showing  Tc 


.S.'S? 
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Fig.  4.  Temperature  dependence  of  the  dielectric  constants 
for  PZ2N-L3(a).  PZZN-L4(b).  PZZN-L6{c),  and 
PZZN-L9(d)  showing  T<. 


composition  were  made  during  the  heating  cycle  with 
a  typical  heating  rate  of  4’C/min.  In  the  pyroelectric 
coefficient  of  the  PZZN-LO  and  PZZN-L2,  two 
pyroelectric  peaks  corresponding  to  orthorhombic-to- 
rhombohedral  and  cubic-fo-rhombohedral  are  clearly 
observed  at  80'C  and  204'C.  respectively. 

The  hysteresis  nature  was  investigated  using  a 
modified  Sawyer-Towe  circuit  applying  an  ac  field  of 
about  30KV/cm.  Figure  6  shows  the  P-E  hysteresis 
loops  observed  for  PZZN-L  ceramics  at  a  various 
temperatures.  The  samples  of  the  PZZN-LO  shows 
the  ferroelectric  behavior  and  increase  the  coercive 
field,  Ec,  and  the  remanent  polarization. Pr,  according 
to  the  increasing  amount  of  the  lanthanum.  The 
ferroelectric  of  the  PZZN-L  system  was  highly 
sensitive  to  composition  and  temperature.  Pr  reaches 
a  maximum  value  of  SOpC/cm^  at  PZZN-L2.  In  the 
PZZN-L3,  if  could  find  hysteresis  loop  at  145'C.  It 
meant  that  an  antiferroelectric  phase  can  be  forced 
into  a  field-induced  ferroelectric  phase  with  the 
remanent  polarization  and  the  field-induced 
ferroelectric  state  is  expected  to  remain  stable  even 
after  the  electric  field  is  removed.  According  to  the 
hysteresis,  it  shows  AF-FE  boundary  is  located 
between  PZZN-LO  and  PZZN-L2  at  80’C.  but 
between  PZZN-L2  and  PZZN-L3,  boundary  is  145'C. 

Figure  7  is  the  plot  of  the  phase  relations  of  the 
PZZN-L  solid  solution  system.  It  was  based  on  the 
dielectric  measurement,  pyroelectric  measurement, 
and  P-E  hysteresis  measurement.  According  to  the 
these  measurements,  it  can  be  divided  three  regions. 
Those  are  paraelectric,  ferroelectric,  and 
antiferroelectric  region.  The  phase  boundary  for 
PZZN-LO  -  PZZN-L2  was  located  at  80'C  and  for  the 
PZZN-L3  was  145'C.  Over  the  PZZN-L4,  there  are 
antiferroelectric  and  paraelectric  phases. 


Fig  5.  Temperature  dependence  of  pyroelectric 

coefficient(p)  and  polarozation(Pr)  of  PZZN-L 
ceramics: 


(a)  PZZN-LO  (b)  PZZN-L2 


Fig.  6.  D-E  hysteresis  loops  of  PZZN-L  ceramics  at 
various  temperature  showing  ferroelectric. 

(a)  PZZN-LO,  Ec-  15.9  KV/cm,  Pr=21.2nC/cm2 

(b)  PZZN-L1 ,  Ec=  7.3*''.V/cm,  Pr=24.5pC/cm* 

(c)  PZZN-L2,  Ec=  5.98KV/cm,  Pr=30.6pC/cm2 
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Fig  7.  Phase  relations  of  the  PZZN-L  solid  solution 
system. 


IV.  Conclusion 

1)  It  could  be  divided  three  regions, 
paraelectric,  ferroelectric,  and 
antiferroelectric  region. 

2)  The  curie  temperature  decreased  with 
increasing  lanthanum  up  to  3m/o, 
whereas  for  AF-FE  boundary  it  increased 
with  increasing  lanthanum. 

3)  Over  4m/o  lanthanum,  it  can  be  find 
paraelectric  and  antiferroelectric  region. 
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ABSTRACT 

Large  pyroelectric  Figures  of  merit,  Fy  and  F,,  have  been 
found  in  the  solid  solution  x  PbZrOj  [PZ]  -  y  PbfZnj^Nb^^Kls 
[PZN]  -  z  PbTiO,  [PT]  (PZNT).  Previous  work  within  this 
system  has  also  shown  a  DC  field  induced  ferroelectric- 
antiferroelectric  transition.  This  paper  will  further  explore  the 
electrical  field  dependence  of  the  elastic  constant  (s,,^), 
piezoelectric  coefficient  (dj,)  and  dielectric  constant  (K,,)  near 
this  phase  transition. 


INTRODUCTION 

As  sensor  and  transducer  technology  advances  there  is 
an  increasing  need  for  smart  materials.  When  evaluating 
materials  for  smart  applications,  the  weak  field  dependence  of 
the  dielectric  and  piezoelectric  constants  can  be  effective 
guides.  Earlier  studies  in  solid  solution  system  of  the  relaxor 
ferroelectric  PMN  and  the  ferroelectric  PT  have  shown  strong 
weak  field  induced  piezoelectric  effect.  Antiferroelectric 
materials  have  also  been  shown  to  exhibit  this  desired  non¬ 
linear  response.  It  was  for  this  reason  that  the  solid  solution  of 
the  ferroelectric  PT,  and  antiferroelectric  PZ  and  relaxor  PZN 
has  been  chosen  to  be  explored  for  possible  use  as  a  smart 
sensor  material  under  weak  DC  fields. 

Solid  solutions  containing  PZ  have  be  widely  studied  in 
the  past  due  to  the  antiferroelectric  [AF]  to  ferroelectric  [FE] 
phase  transition  and  the  existence  of  morphotropic  phase 
boundaries.  The  system  PZZN  combines  PZ  with  PZN.  This 
system  has  been  shown  to  possess  a  room  temperature 
orthorhombic  AF  to  rhombohedral  FE  phase  boundary  a  x  ~ 
93%  PZ.  This  system  looks  promising  for  piezoelectric  and 
pyroelectric  applications  with  Fy  =  0.31xl0‘*0  C  cm/J  and  Fp 
=  0.35x10"®  C  cm/J,  low  coercive  fields  of  8  to  10  kV/cm, 
large  piezoelectric  coupling  coefficients  such  as  k|5~50%  and 
remanent  polarizations  on  the  order  of  25  to  30  pC/cm^, 


This  paper  will  explore  the  dielectric  and  room 
temperature  piezoelectric  properties  of  PZNT  and  PZZN 
compositions  near  the  MPB.  Fore  the  rest  of  this  paper  the 
PZNT(x/z)  compositions  with  z  =  0  mol9b  PT  will  be  referred 
to  as  PZZN(x). 


u 


e 

I 

E 


-60 

-eoh 

-100 


» 1 — rn—T — 

Poro«l«ctric 
(Cubic)  . 

u*  -  - r— ^ 


r«rrocl«ctric 
(Rhombohcdrol-  MT) 

Fa 


40^  Antiftrrotltclric 
(Orthorhombic) 

0\-  A« 

-zok 
-40h 


(Rhombohtdrol'LT)' 

f; 

1  I  1  I  I  J _ L — I— 

100  98  96  94  92  90  68  86 


PbZrOm  (mol  %) 


Figure  I :  PZZN  phase  diagram. 


EXPERIMENTAL  PROCEDURES 

Ceramic  samples  were  prepared  by  the  normal  ceramic 
mixed  oxide  techniques.  Samples  were  then  thinned  and 
polished  to  a  1-pm  Diamond  finish  and  gold  sputtered 
electrodes  applied.  Room  temperature  polarization  versus 
electric  field  hysteresis  loops  were  then  studied  at  10  Hz  using 
a  modified  Sawyer-Tower  circuit.  A  silicone  oil  bath  was  used 
to  prevent  electrical  breakdown  during  these  experiments. 
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The  temperature  dependence  of  the  dielectric  constant 
was  measured  at  various  frequencies  in  a  temperature  range 
from  -100°C  to  250®C  using  a  computer  controlled 
measurement  system  consisting  of  a  multifrequency  LCR 
meter  (HP4274A,  Hewlett  Packard  Co  ),  desktop  computer 
(HP  9816)  and  nitrogen  fed  furnace.  Various  DC  bias  voltages 
were  then  applied  to  the  sample  by  an  external  power  supply. 

For  resonance  measurements  the  samples  were  prepared 
as  long,  thin  bars  with  typical  dimensions  of  20  x  2  x  0.2  mm. 
Specimens  were  polished  thin  so  as  to  allow  the  application  of 
Fields  between  15  and  20  kV/cm  with  600  Volts  or  less.  These 
bars  were  then  poled  at  1 5  kV/cm  for  ten  minutes  at  1(X)°C  in  a 
stirred  silicone  oil  bath.  All  resonance  measurements  were 
made  using  an  HP  4 192 A  Impedance  Analyzer. 


Figure  2;  Room  Temperature  P/NT  pha.se  diagram. 


The  calculation  of  the  real  and  complex  compliance,  s,,, 
piezoelectric  coefficient,  d,,,  dielectric  constant,  e,,,  and 
coupling  coefficient,  kj,  was  made  using  the  equation  for  the 
admittance  of  a  bar  resonator  ( 1 ). 


where: 

w  =  width,  p  =  density,  t  =  thickness, 
(0  =  frequency  and  1  =  length 


Since  this  equation  is  for  an  ideal  resonator  the  piezoelectric 
coefficients  are  assumed  to  be  complex  quantities  i.e.: 


Sn 

-  s ,, 

+ 

J  S"n 

(2) 

=  dn 

+ 

jd'ii 

(3) 

+ 

j  £  33 

(4) 

The  complex  admittance  equation  is  then  solved  by  the  method 
described  by  Smits  and  latter  by  Damjanovic.  This  method 
involves  an  iterative  calculation  using  an  initial  guess  of  the 
elastic  constant  and  three  values  of  the  admittance  near 
resonance. 

RESULTS 

(I)  Hysteresis: 

A  summary  of  hysteresis  data  can  be  found  in  figure  3. 
this  shows  the  room  temperature  AF  -  FE  transition  occurs 
between  compositions  (93.2/0)  and  (92/0).  It  also  shows  that 
the  remanent  polarization  increases  with  increasing  mol9f  PT. 
for  example  the  net  remanent  polarization  increases  from  0  to 
30  to  38  pC/cm^  as  the  composition  of  PT  is  increased  in  the 
series  (93.5/0),  (93.5/2.6)  to  (93.5/3.9).  Low  coercive  fields  on 
the  order  of  10  kV/cni  have  also  been  found  in  all  the 
compositions  measured.  It  is  also  interesting  to  note  that 
increasing  the  concentration  of  PZN  enhances  the  "squareness" 
of  the  Hysteresis  loop  (not  shown  here)  which  may  have 
several  device  applications. 
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Figure  3:  Room  temperature  remnant  polarizaton  data  plotted  versus  mol%  PZ. 
The  line  indicates  the  room  temperature  anurerroelectric  to  ferroelectric  phase 
boundary.  (z=mol%  PT) 


(2)  Dielectric  Study: 

Figure  5  shows  the  average  maximum  dielectric 
constant  at  the  Curie  temperature  (Tj.)  from  heating  and 
cooling  cycles  as  a  function  of  mol%  PZ.  Maximum  dielectru. 
constant  decreases  as  the  concentration  of  PZN  is  increased 
Also,  as  expected,  increasing  the  concentration  of  PT  increases 
the  maximum  dielectric  constant  at  Tc  The  variation  in  Tc 
with  mol%  PZ  can  be  seen  in  figure  4.  This,  for  example, 
shows  an  increase  of  10°C  between  PZNT(93.5/2.6)  and  PZNT 
(93.5/3.9)  which  is  an  increase  in  PT  of  1.3  mol%. 
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Figure  4;  Average  T,;  al  kH/.  Supcrscripl.s  indicate  the  applied  bia.s  in 
kV/cm.  i/=mol'/ii'T) 


The  intluence  of  DC  bias  is  also  demonstrated  in  figures 
4  and  5  The  average  dielectric  constant  at  Tc  for  PZNT 
(93.5/2.6)  can  be  seen  to  increase  from  234  at  0  kV/cm  to  238 
at  6  kV/cm.  The  bias  field  also  causes  a  shift  in  Tc  which  can 
be  seen  in  figure  4.  This  shows  the  increase  in  Tc  for  various 
compositions  in  the  PZNT  as  the  bias  field  on  each  sample  is 
increased. 

The  dielectric  constant  has  been  found  to  have  only  a 
minute  dependence  on  frequency.  However,  it  has  a  thermal 
hysteresis  when  comparing  heating  and  cooling  cycles, 
especially  at  the  lower  temperature  FE-FE  transition  (figuie  6) 
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Figure  6:  Dielectric  cnnsiani  for  PZZN-93  .S  measured  al  I  kH/  wiih  an 
no  applied  bias.  Noie  Uie  large  ihemial  hysteresis  in  the  lower 
tempcralure  AF-l-F  pha.se  iransislion. 
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Figure  5:  Average  maximum  dielectric  constant  at  measured  a  1  IcHa. 
.Superscripts  indicate  applied  bias  in  kV/cm.  (r=mol'7rPT) 


Figure  7;  Dielectric  constant  for  P7.7.N-93.5  measured  at  I  kHr  with  an 
applied  bias  of  0  kV/cm  and  6  kV/cm. 


(3)  Piezoelectric  Study: 


Figures  8  and  9  show  the  dependence  of  the  room 
temperature  real  piezoelectric  coefficient,  d'3,,  and  elastic 
coefficient,  s’n.  on  the  applied  eiecinc  field.  I  he  zero  f':-ld  djs 
coefficient  was  measured  using  a  Berlincourt  d^j  meter  and 
was  found  to  be  approximately  50  to  60  pC/N  for  all  samples 
just  after  poling,  d'j,  and  d"i,  both  show  approximately  linear 
behavior  even  in  the  room  temperature  AF  compositions.  This 
could  be  due  to  a  field  forced  \F-FE  transition  during  the 
poling  process,  which  was  conduced  at  -100°C  with  15  kV/cm 
applied  for  10  minuses  then  cooled,  with  the  field  still  applied, 
to  25°C.  It  is  interesting  to  compare  figure  4  and  figure  8. 
PZZN(93.5)  when  poled  at  room  temperature  is  not  FE,  as 
indicated  in  figure  4.  However,  when  poled  at  lOO^’C  (figure 
8)  the  sample  is  FE.  This  seems  to  be  clear  evidence  that  the 
FE  phase  is  metastable  at  room  temperature  in  the 
antiferroelectric  compositions. 
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Figure  8:  Real  piezDclcclnc  cneiricienl,  d’n.  a.s  a  tunclion  of  electrical 
bia.s  field  for  various  IV.NT  composilions.  (All  samples  poled  a(  KXIOC.) 


DC  Bias  Field  (kV^cm) 

Figure  9:  Real  elastic  coefficient,  s'l  1,  as  a  function  of  electrical  bias 
field  for  various  PZNT  compositions. 


Figure  10:  Real  pieziK'lectnc  coeflicieni,  d'}|.  as  a  funcUon  of  mol'^ 
IV..  This  indicates  the  tiHim  lemperaiure  Ah-FK  pha.se  boundary  is 
between  x=9y  (M  and  x=  IV. 

To  determine  the  position  of  the  AF-FE  boundary  above 
room  temperature  the  samples  were  thermally  depoled  and  then 
poled  various  temperatures.  After  the  samples  were  poled  their 
resonant  behavior  was  observed,  if  none  was  found  the  process 
was  repeated  at  a  slightly  higher  temperature.  By  this  method 
the  AF-FE  boundary  was  located. 

The  coupling  coefficient  k,,  shows  a  slight  increase  for 
the  compositions  studied.  The  response  is  still,  however,  quite 
linear  with  values  between  2'^'’  and  8%.  Dielectric  and 
piezoelectric  loss  were  found  to  be  between  2%  and  lO^f^. 
Mechanical  loss  was  independent  of  field  with  a  value  of  0.3% 
to  0.5%. 

Measurements  were  completed  on  PZZN  compositions 
of  X  =  92.5,  92.8,  93.0,  93.2,  and  93.5  mol%  PZ.  From  a 
combination  of  these  data  the  phase  diagram  of  the  PZZN 
system  has  been  refined.  This  diagram  (figure  1 1 )  pinpoints 
the  AF-FE  phase  transition  at  room  temperature  to  be  between 
PZZN{93.2)  and  PZZN(93.0).  The  paraelectric  and 
ferroelectric  low  to  high  temperature  phase  transition 
temperature  data  was  obtained  from  dielectric  anomalies  and 
averaged  between  heating  and  cooling  cycles  of  5°C7min. 
Resonance  and  hysteresis  data  was  then  used  to  determine  the 
AF-FE  boundary. 


563 


mol%  PZ 

Figure  11:  1-xperimemally  determined  P2ZN  phase  diagram. 


CONCLUSIONS 

Various  compositions  in  the  PZNT  system  have  been 
studied  to  find  their  weak  field  piezoelectric  and  dielectric 
response  at  room  temperature.  Some  of  the  conclusions  that 
have  been  made  are: 

(a)  Hysteresis  results  indicate  that  the  location  of  the  AF-FE 
boundary  is  between  x  =  92.8%  and  x  =  93.2%  PZ.  Large 
values  of  P,-  (-30  pC/cm^)  and  low  values  of  E(-  (-10  kV/cm) 
for  x  <  92.8%  PZ  have  been  obtained.  Also,  with  decreasing 
PZ  concentrations  hysteresis  loops  become  increasingly  square 
in  nature. 

(b)  Room  temperature  dielectric  constants  near  250  have  been 
measured  and  can  be  altered  with  suitable  compositional 
adjustments.  Large  hysteresis  in  heating  and  cooling  cycles 
has  been  displayed,  especially  in  the  low  to  high  temperature 
rhombohedral  phase  transition.  Curie  temperatures  near  225°C 
have  been  found  to  decrease  with  both  increasing  bias  field  and 
increasing  concentrations  of  PT. 

(c)  Piezoelectric  coefficient  d\|  at  25°C  was  found  to  be 
approximately  -10  pC/N  and  linear  with  electrical  bias  fields  of 
up  to  15  kV/cm.  The  real  elastic  coefficient  s',,  was  found  to 
be  -8.5xl0  '0  m^/N  and  constant  for  electric  bias  fields  of  up 
to  20  kV/cm.  The  piezoelectric  coupling  coefficient  kj,  was 
found  to  be  between  2%  and  8%. 


(d)  The  PZZN  phase  diagram  has  been  refined  to  show  the 
AF-FE  boundary  at  room  temperature  to  be  between 
PZZN(93.2)  and  PZZN(93.0).  Also,  after  poling  at  elevated 
temperature,  the  ferroelectric  phase  has  been  shown  to  be 
stable  when  cooled  to  room  temperature. 
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Abs  tract 

The  interfaces  between  ( Pb , La ) ( Zi  . T i >03  cer¬ 
amic  and  electrode  metals  such  as  Ag,  Sn,  Cu 
and  In  were  examined  by  wetting  experiments 
under  the  atmospheres  of  air  and  100  %  oxygen. 
The  wetting  experiments  were  carried  out  by 
measurement  of  a  contact  angle  during  rising 
temperatures.  The  metals  of  In  and  Sn  indicat¬ 
ed  obtuse  contact  angles  every  atmosphere.  Cu 
spreaded  on  PLZT  in  100  X  and  in  air  re'ulting 
in  the  reaction  among  Cu.PLZT  and  quartz  plate 
somehow.  Furthermore,  the  wetting  behaviors 
and  the  cross  sectional  interfaces  between 
metals  and  ( Pb , La ) ( Zr , T i ) O3  were  analyzed  with 
an  electron  probe  mi croana 1 ys i s ( EPMA )  and  the 
bonding  mechanisms  were  discussed  as  well. 

1  n  t  roduc  t  i  on 

The  wetting  study  of  an  electrode  metal  with 
ceramics  and  their  interfaces  are  important 
from  the  view  point  of  an  ohmic  contact  with 
the  electronic  packagings,  coating  materials, 
brazings  and  sealings.  Especially,  In  and  Sn 
have  been  employed  as  a  transparent  electrode 
for  ( Pb , La ) ( Zr , T i 103  (  hereafter,  PLZT).  The 
conditions  that  determine  wetting  of  a  molten 
metal  on  a  solid  are  not  only  of  basic  science 
but  are  also  of  importance  in  applications  de¬ 
scribed  above.  Since  the  oxide  ceramic  are  not 
generally  wetted  by  metals,  a  glass  is  added 
to  a  metal  to  achieve  wetting.  Many  studies 

have  been  reported  on  wettings  and  reactions 

1  )  ?  ) 

in  the  glass-metal  systems.  ’  The  effects 
of  oxygen  on  wetting  have  been  reported  on  the 
system  of  Fe-0  alloy  and  alumina  substrate  by 

O  \ 

Nakajima  et  al.,  and  the  surface  tension  and 
the  contact  angle  of  liquid  iron  on  the  AI2O3 
substrate  were  studied  over  a  wide  range  of 
oxygen  concentration.^^  Sugihara  et  al.  have 
studied  on  the  wetting  of  PLZT  in  vacuum.^' 
According  to  the  study,  Ag  showed  the  tendency 
of  wetting  behaviors  depending  upon  a  content 


of  Ti  in  the  PLZT.  The  present  work  was  espec¬ 
ially  focused  on  the  interfaces  and  wettings 
of  In  and  Sn  as  far  as  the  metal. 

Exper 1  men  t 

The  wafers  of  PLZT  employed  for  the  wetting 
experiments  were  fabricated  by  Hayashi  Chemi¬ 
cal  Co. Ltd. and  their  compositions  are  X=0.095, 
Y=0.35  in  (  Pb  j  _  jj .  LSjj )  { Zr  j  _y  ,  T  i  y )  .  For  the  com¬ 
parison,  the  composition;  X=0.12  and  Y=0.60 
were  also  used.  The  size  of  specimens  is  14x14 
mm  and  0.5  mm  in  thickness.  The  surface  rough¬ 
ness  of  the  substrate  is  0.6MRe  in  an  average 
The  electrode  metals  are  Ag,Cu,In  and  Sn.  The 
purity  of  every  metal  was  more  than  99.9  X  and 
weight  was  60-100  mg  in  a  lump.  The  wetting 
experiments  in  the  oxidizing  atmosphere  were 
carried  out  in  the  electric  furnace  as  shown 
in  Kig.l.  The  atmospheres  are  air  and  100  X  O2 
at  10^  Pa.  The  system  of  metal/Pl.ZT  is  put  on 
the  quarts  glass  plate  and  the  temperature 
rised  up  to  more  than  a  melting  point  of  each 
metal.  After  the  wetting  experiments,  the 
system  was  mounted  into  the  resin, then  cut  for 


flow 

meter 


Fig.l  The  equipment  of  wetting  study 

taking  photographs  with  an  optical  microscope 
in  order  to  measure  the  contact  angles,  and 
the  cross  sectional  interfaces  of  the  system 
were  analyzed  with  a  SEM  and  an  EPMA. 

Results  and  discussion 
Wetting  behaviors 

Figure  2  shows  the  photographs  of  an  opical 
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mi  <•  to  scope  with  the  vertical  cross  section  for 
the  wetting  behaviors  for  In  and  Sn  on  I’LZT 
(9.5/65/35)  in  100  \  O, .  In  started  to  melt  at 
158*C  (melting  po i n t : 1 56 . 5 “O  and  showed  the 
contact  angles  of  147°at  200°C,  and  Sn  staited 
to  melt  at  250®C  (melting  point:232''C)  result¬ 
ing  in  the  contact  angle  of  141°  at  280°C.  The 
contact  angle  fur  the  system  of  In/l’LZT  (9.5/ 
65/35)  was  not  much  different  from  the  system 
of  In/l’LZT  (7/65/35)  in  vacuum  indicating  the 
angle  of  142°at  the  same  temperature.  Sn/PLZT 
(7/65  /35)  in  vacuum  showed  almost  the  same 

o  5  1 

contact  angle  of  142  as  in  the  case  of 
100  %  O2  described  above.  Figuie  3  shows  the 
wetting  behaviors  fur  In  and  Sn  on  I’LZT  in  air 
The  contact  angles  for  In  and  Sn  were  122°  and 
141°  respec  lively. 

Generally,  wetting  property  will  be  affected 
by  the  formation  of  the  oxide  not  only  at  the 
surface  but  also  at  the  interfaces  between  a 
molten  metal  and  a  solid.  The  fiee  energy 
change  of  formation  for  an  oxidation  reaction 
(1)  is  presented  by  the  equation  (2), 


in  ^  3/2  O2  —  ^^*2^3 


Au  HT  In  (  of  [  In20j]/C  1  n]^[02]^''^)  (2) 


In  the  equa  t  i  on  (  1  )  ,  A  G  in  the  case  of  100  O2 
ambience  will  be  lower  than  that  of  air  lead¬ 
ing  to  advance  oxidation  reaction,  hence  the 
metal  surfaces  and  the  interfaces  are  cover¬ 
ed  by  the  oxides  of  In  resulting  in  less  wett¬ 
ability.  This  will  be  also  elucidated  by  the 
chemical  potential  at  the  interfaces  between  a 
molten  metal  and  a  solid.  Providing  C  is  a 
concentration  of  In  at  the  interfaces,  chemi¬ 
cal  potential  is  described  by  the  following 
equation. 


M  =  Mo 


R1  1  n  C 


If  the  oxide  films  of  In  cover  on  the  surfac¬ 
es  of  the  metal  including  the  interfaces,  the 
concentration,  C  will  be  decreased  at  the  int¬ 
erfaces,  then  the  chemical  potential  will  be 
deci eased  leading  to  less  wettability.  As  des- 
ci  ibcd  above,  Sn  showed  the  same  contact  angl- 
es(14l”)  in  both  cases  of  100  %  oxygen  and  air. 
Ihis  is  suggested  that  the  oxidation  potential 


In/PLZT(9. 5/65/35) 


Sn  /  PLZT ( 9 . 5 / 65 / 3 5  ) 


Kig.2  Optical  micioscope  photographs  attei 
wettings  fur  the  systems  of  ln/PL/1'9.5 
/65/35  )  and  Sn/ PLZT i 9 . 5/ 65/ 35  i  in  Uhj  % 


ln/PLZT(9. 5/65/35) 


Sn/PLZT(9. 5/65/35 ) 


Fig. 3  Optical  micioscope  ptiotographs  afti’i 
wettings  for'  the  systems  of  In)  PL/ 1(9.. 5 
/65/35)  and  Sn/PLZT(9 . 5/65/ 35 )  in  air. 

of  Sn  is  lower  than  that  of  In  leading  to  an 
easier  oxidation  of  Sn  even  in  a  11  as  shown 
in  the  equation  of  the  f 1 ee  enei gy  change  01 
oxide  foimation  (4)  for  the  chemical  leaction 
(5).  Then  the  oxide  coveii-d  the  metal  result¬ 
ing  in  the  obtuse  contact  angles. 

Ag  =  a  Rl  In  (a(  C  SnO  ]  /  [  Sn  ]  [O2  1  '  ^  )  '4' 

Sn  *  1/2  O2  =  SnO 


F'l.g.q  Opical  microscope  photograph  aftei  wet 
ling  f  o  1  the  s  .s  t  c  m  of  1  n I  ’  I ,  /  1  '  1  2  .  4 ''  1 ' ' 

1  n  I  00  %  0.,  . 


el.  Fi gure  7 


Fig. 7  SEM  photograph  fur  the  interfaces  of 
ln/PLZT(9. 5/65/35)  after  wetting  ex¬ 
periment  in  100  HO2 . 


jum 


Fig. 8  EPMA  result  for  the  interfaces  of  In/ 
PLZTO. 5/65/35)  after  wetting  experi- 
men  t  in  100  %02 . 

PLZT  did  not  diffuse  into  In,  and  also  In  did 
not  seem  to  react  with  any  elements  in  PLZT. 
However,  In  can  form  alloys  such  as,  In-Pb  and 
In-Ti  as  known  in  a  metallurgical  phase  dia¬ 
gram.  Therefore,  the  interface  should  be  more 
precisely  investigated  with  transmission  elec¬ 
tron  mi croscope < TEM) . 

Cone  1  us i on 

The  interfaces  between  transparent  ceramics, 

( Pb , La ) (Zr , T i )Oy  and  electrode  me t a  1 s : Ag , Cu , I n 
and  Sn  were  studied  from  the  view  point  of 
wetting  properties  in  an  oxidizing  atmospheres. 
The  conclusions  are  as  follows; 

1)A11  the  metals  did  not  wet  on  PLZT.  In  show¬ 
ed  less  contact  angle  of  122  in  an  air  than 
in  100  %  O2  (141®)  whereas  there  were  no 


differences  with  the  contact  angles  for  Sn/ 
PLZT  in  buth  a  t  mo.s  phe  1  cs  . 

2) Ag  indicated  dependence  of  the  contact  angle 
on  the  Compositions  o  f  t  Pb  j  _  jj ,  Lajj )  1  / 1  j  _  y  ,  1' i  y  1 
: PLZT ( 1 2 / 40/ 60 )  that  contains  laiger  amount 

of  I'  showed  tiie  least  angle, 9»°. 

3) No  EPMA  results  levealed  diffusions  or  migr¬ 
ations  of  any  elements  from  metal  to  Pl.Z  1  or 
vis-a-vis.  I  he  definite  leactiuns  were  not 
found  flora  the  analysis  of  the  interfaces 
except  for  the  Cu/PLZT  system. 

4) As  the  next  step,  more  precise  analysis  with 
a  transmission  electron  microscope  should  be 
necessary  in  order  to  investigate  the  inter¬ 
faces  between  ceramics  and  metal.  Fui ther- 
mor,  wetting  property  and  it's  improvement 
should  be  discussed  from  the  interfacial 
structures  and  thermodynamical  pu.nts. 
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ABSTRACT 

A  compositional  region  was  revealed  in  the  (Pbi_xBax)i-},>2 
Bi,(Zri  yTiyK)(  ceramic  system  where  large  elecirosmctive  strains 
and  small  hysteresis  exist  simultaneously.  The  eleciroslriciive  coelTi- 
cients,  m  1 1  (longitudinal )  and  nt  1 2  (lateral),  are  as  high  as  8.9  and  .3.85 
X 10“''’  m-ZV^.  re.speciively.  and  hysteresis  small  enough  to  be  negli¬ 
gible  depending  on  the  composition  involved.  It  was  found  that  a 
small  amount  of  Bi202  additive  significantly  modified  the  electros- 
trictive  and  dielectric  properties  of  the  pure  PB7T  ceramic  system  as 
well  as  shifting  'Mtli  the  Fk-Ti  aiid  Fr-Pc  bouiioaries  Hot  pressed 
samples  showed  higher  saturated  strai^.s  and  smaller  hysteresis 
compared  with  those  fabricated  by  conventional  sintering. 

INTRODUCTION 

In  recent  years  much  attention  has  been  paid  to  ceramic  materials 
with  large  electrostrictive  effects.  Electrostnction,  which  exists  in  all 
materials,  exhibits  many  potential  applications  in  elecmonic  and  opti¬ 
cally  controlled  system  as  well  as  precision  machinery.  Among  the 
materials  available,  however,  few  possess  electrostrictive  effects 
large  enough  to  be  of  practical  u.sefulne.ss.  The  development  of  new 
materials  with  high  electrostrictive  coefficients  has  been  a  major  im¬ 
petus  of  much  of  the  research  in  this  area.  The 
(PbuxBax)i_?,22Bi/(Zri_yTiy)Ot  ceramic  system  appears  to  be  a 
very  promising  candidate  becau.se  the  electrostnctivc  effects  of 
PBZT  27/70/30  (Ba/Zr/Ti)  in  the  system  are  among  the  largest  di.s- 
covered  today  (11. 

The  main  objective  of  this  paper  was  to  investigate  the  electrostric- 
tivc  and  related  properties  of  the  (PbuxBax)i_?,y2Bi7(Zri.yTiy)()r 


(PBZT)  ceramic  system  with  0.25«x«0.43.  0.28 Sy^ 0.53  and 
0  «  z  ^  0.02  The  preparation  of  samples  is  described,  and  measure¬ 
ment  results  are  presented.  The  characteristics  of  the  PBZT  phase 
diagram  on  the  basis  of  the  results  are  also  provided 

SAMPLE  PREPARATIUN 

The  compositions  of  PBZT  ceramics  chosen  to  be  investigated  in 
this  paper  are  situated  along  two  lines  in  the  PbZrGi-PbTiOt- 
BaZrOt-BaTiOj  phase  diagram  which  is  depicted  in  Figure  1;  i.e., 
the  vertical  line  along  which  the  Pb/Ba  ratio  is  changed  while  Zr/Ti 
is  kept  constant,  and  the  horizontal  line  where  Pb/Ba  is  constant  and 
Zr/Ti  changed.  The  two  lines  intersect  at  the  composiuon  27/70/30. 

All  the  PBZT  samples  were  prepared  via  a  conventional  mixed-ox¬ 
ide  method.  Reagent  grade  PbO,  Zrt)2.  TiOi.  BaCO;  and  B12O3  ad¬ 
ditive  were  used  as  .starting  raw  materials.  Weighed  components 
were  first  wet  mixed  for  30  minutes,  and  then  calcmea  at  925  "C  lor 
two  hours.  The  calcined  powder  was  milled  lor  6  hours  in  distilled 
water  using  AI2O3  balls.  Sample  pellets  wea*  obtained  by  pressing 
the  milled  powder  into  plates  of  about  30x30x4  mm  at  a  pressure  of 
49  MPa  (7(XX)  psi).  The  samples  were  sintered  at  1 250-1 280  “C  for 
4  hours  in  a  closed  alumina  crucible  with  a  fiowing  oxygen  atmo¬ 
sphere.  To  avoid  the  loss  of  PbO  from  samples  during  sintering,  a 
PbO-rich  atmosphere  was  maintained  by  placing  an  equalmolar  mix¬ 
ture  of  PbO  and  Zr02  in  the  crucible.  Sintered  samples  were  then 
lapped  to  a  dimension  of  lOx  10x0.76  mm.  The  opposite  sides  of  the 
lapped  samples  were  electroded  with  elecuoless  nickel. 

Some  PBZT  samples  were  also  fabricated  by  a  hot-pressing  tech¬ 
nique  at  a  temperature  of  1 2(X)  ‘X7  for  4  hours  at  a  prc.ssure  of  1 4  MPa 
(2(XX)  p.si). 


PSZrO,  PtriO, 


Figure  1 .  Room  temperature  phase  diagram  for  the  sys¬ 
tem  PbZrOr-PbTiOi-BaZrOr-BaTiOj  (PBZT).  where  Fr 
denotes  rhombohedrai  phase.  Fj  tetragonal  phase  and  Pc 
paraeiectnc  phase  [2]. 


Table  1  Properties  of  (Pb|  xBax)| , r/y2Biz(Zri .yTiylOs  ceramics. 
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SAMPLE  MEASUREMENTS 

The  (Jieleetric  properties  ot  samples  were  determined  at  1  kHz  with 
an  LCR  meter  ( LEADER.  LCR-745()-01 ).  The  temperature  depen¬ 
dence  of  dielectric  constant  and  loss  factor  was  obtained  by  placing 
samples  in  an  environmental  chamber  in  which  samples  were  first 
cooled  down  to  -20  X  and  then  measured  at  a  heating  rate  of  2  ^ 
'^C/min  up  to  140  "C.  The  measurement  of  relationsnip  between  po¬ 
larization  (P)  and  electric  field  (E)  was  earned  out  using  conventional 
hysteresis  loop  equipment.  The  Archimedes  displacement  method 
with  distilled  water  was  employed  to  evaluate  sample  density 

A  mea.surement  apparatus  using  an  LVDT  as  a  displacement  sensor 
was  made  to  detect  the  change  of  strains  with  electnc  field,  Elec- 
troded  samples  were  placed  in  line  with  the  movable  core  of  the 
LVDT.  Sample  electrodes  were  parallel  or  perpendicular  to  the  mov¬ 
able  core  depending  on  the  measurement  of  lateral  or  longitudinal 
strain.  An  electric  field  was  applied  to  the  samples  continuously  be¬ 
tween  negative  and  positive  maxima.  The  measunid  re.sulLs  were  re¬ 
corded  on  a  X-Y  plotter. 

RESULTS  AND  DISCUSSION 

The  important  data  of  the  PBZT  samples  of  different  compositions 
obtained  in  this  study  are  illustrated  in  Table  1 .  The  values  of  the  di¬ 
electric  constant  at  room  temperature  are  in  the  range  from  2250  to 
7790  depending  on  the  composition  of  the  samples.  The  dielectric 
constant  of  the  compositions  with  constant  Zr/Ti  experienced  a  maxi¬ 
mum  as  the  barium  content  increased  acro.ss  the  boundary  of  rhombo- 
hedral  and  cubic  pha.ses.  which  were  plotted  in  Eigure  2  (a).  If  the 
maximum  in  dielectric  constant  signifies  a  phase  boundary,  as  is  often 
the  case,  the  boundary  was  found  to  occur  at  a  composition  some¬ 
where  between  29/70/30  and  32/70/30.  Figure  2  (b)  shows  a  similar 
situation  occurring  among  the  compositions  with  constant  Pb/Ba. 
where  the  maximum  in  dielectric  constant  is  taken  to  be  indicative  of 
the  rhombohedral  and  tetragonal  phase  boundary  which  is  kK'aied 
near  the  composition  27/68/32. 

The  temperature  dependence  of  dielectric  constant  and  loss  factor 
for  a  number  of  .selected  PBZT compositions  was  studied.  Results  arc 


given  in  Figure  3.  All  the  compositions  shown  in  the  tigure  were 
characterized  by  a  diffuse  phase  U'ansiiion  that  is  manifested  as  a  cor¬ 
responding  broad  maximum  in  the  change  of  dielectric  constant  with 
temperature.  The  temperatures  at  the  maximum  dielectric  constants 
were  considered  to  be  the  temperatures  of  iransiuon  from  the  rhom¬ 
bohedral  or  teuagonal  ferroelecuic  phase  to  the  paraelectric  phase. 
The  transition  temperature  for  the  compositions  with  constant  Zr/Ti 
decreased,  as  expected,  with  mcreasing  barium  content 

The  relationships  between  polarization  and  electnc  field  for  the 
represenlauve  samples  with  constant  Zr/Ti  are  demonstrated  in  Fig¬ 
ure  4.  A  slim-loop  characteristic  was  found  for  these  samples.  Hys¬ 
teresis  became  narrow  with  increasing  barium  conteni.  At  the  same 
time.  Pio  { the  polarization  at  an  electric  field  of  1 0  kV/cm )  decreased 
monotonically.  as  shown  in  Table  1  Nearly  linear  P~E  relationships 
with  negligible  hysteresis  were  obtained  at  the  compositions  having 
barium  concentrations  larger  than  32  mol'.?  indicating  that  the  sam¬ 
ples  were  in  the  paraelectric  cubic  phase  region.  As  also  clearly  illus¬ 
trated  by  the  P-E  curves  in  Figure  4.  the  characteristics  of  the  samples 
with  constant  Pb/Ba  ratio  changed  from  slim-Uiop  phase  to  teuago- 
nal  phase  as  Zr/Ti  ratio  decreased.  In  most  cases,  polariz.ation  be¬ 
came  .saturated  at  an  electnc  iieid  around  ill  k  V/cm. 

Both  longitudinal  and  lateral  field-induced  shains  were  investi¬ 
gated.  however,  the  curves  of  lateral  strains  vs.  electnc  field  for  se¬ 
lected  PBZT  compositions  are  presented  in  Figures  5.  Si,ioand  82,10 
( the  magnitudes  of  longitudinal  and  lateral  strains,  respectively,  at  an 
electric  field  strength  of  10  kV/cm  )  were  evaluated,  and  are  listed  in 
Table  I.  It  was  found  that  most  compositions  exhibited  a  quadratic 
strain-electric  field  relationship  with  small  hysteresis,  which  is  typi¬ 
cal  of  eleclrostriclive  materials.  The  strains  appeared  saturated  at 
high  electric  field  due  to  the  .saturation  of  polanzation.  The  butterfly- 
like  S-E  curve  at  the  composition  27/47/53  was  generated  from  the 
tetragonal  ferroelectric  pha.se.  For  the  compositions  whose  strain- 
electric  field  hysteresis  was  small,  the  strains  were  plotted  against  the 
square  of  the  electric  field.  The  clectrosinciive  coefficients,  mu 
(longitudinal)  and  mi2  (lateral),  were  then  calculated  according  to  the 
linear  part  of  the  S  vs.  E^  curves  and  are  displayed  in  Table  1 .  The 
longitudinal  eleclrostriclive  coefficients  were  found  to  be  between 
2-3  times  as  large  as  the  lateral.  As  .seen  in  Figure  6.  the  PBZT  sam¬ 
ples  fabricated  by  hot-pressing  showed  larger  saturated  strains  and 


Barium  content 


Titanium  content 

Figure  2.  Variation  of  dielectric  constant  with 
PBZT  composition. 


Figure  3.  Temperature  dependence  of  dielectric  constant  and  loss  factor  for 
the  PBZT  compositions  with  constant  Zr/Ti  (left)  and  the  compositions  with 
constant  Pb/Ba  (right). 
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slightly  smaller  hysteresis  compared  with  those  prepared  by  normal 
sintering. 

The  earliest  systematic  investigation  of  the  pure  PbZrOa-PbTiOs- 
BaZrOs-BaTiOs  system  was  preformed  by  Dceda  [2],  The  phase  dia¬ 
gram  shown  in  Figure  1  was  extracted  from  Dreda's  publication.  A 


significant  difference  was  found  between  the  boundaries  for  both 
Fr-F]-  and  Fr-Pc  as  given  by  Dreda  and  those  based  on  our  results 
( the  composition  with  a  maximum  dielectric  constant ).  A  reason  for 
this  difference  is  believed  to  be  due  to  the  small  amount  of  dopant 
( 2  atom%  Bi203 )  added  to  the  pure  PBZT  system  in  our  investiga- 


Figure  4.  Relationship  between  polarization  and  electric  field  for  the  PBZT 
ceramics  with  constant  Zrfn  ratio  (above)  and  those  with  constant  Pb/Ba 
ratio  (below). 
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Figure  5.  Variation  of  lateral  strain  with  electric  field  for  the  PBZT  ceramics 
with  constant  ZrfTi  ratio  (above)  and  those  with  constant  Pb/Ba  ratio  (below). 
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Figure  6.  Comparison  of  the  electrostrictive  properties  of 
hot-pressed  and  normal  sintered  PBZT  26/70/30  ceramics. 

lion.  The  influence  of  the  Bi203  additive  on  the  properties  of  several 
PBZT  compositions  is  demonstrated  in  Table  I  and  Figures  7  and  8. 
It  can  be  seen  in  the  table  and  the  figures  that  the  addiuve  not  only 
shifted  the  Curie  points  to  lower  temperatures  and  increased  sample 
density  but  also  enhanced  dielectric  constant  and  improved  electros¬ 
trictive  properties.  In  studying  electric  field  induced  strains  of  PBZT 
ceramics  near  the  Fr  and  Ff  boundary,  Hagimura,  et.  al.,  [3]  also  dis¬ 
covered  that  a  few  percent  additive  of  other  rare  earth  elements  could 
remarkably  change  the  strain  properties.  Further  investigation  is 
needed  for  better  understanding  of  the  significant  effect  of  additives 
on  the  PBZT  ceramic  properties. 

Based  on  the  data  obtained  in  this  investigation,  it  is  believed  that 
there  exists  a  region  in  the  PBZT  phase  diagram  where  the  rhombohe- 
dral  phase  and  diffuse  relaxor  phase  coexist,  which  is  approximately 
indicated  by  the  shadowed  area  shown  in  Figure  1.  The  large  strains 
with  moderate  hysteresis  found  in  this  compositional  region  could  be 
explained  as  resulting  from  the  combined  consequence  of  electro¬ 
strictive  effects  and  domain  wall  motion  of  rhombohedral  phase  un¬ 
der  electric  field. 

CONCLUSIONS 

A  compositional  region  was  identified  in  the  Bi203-doped  PBZT 
phase  diagram  where  large  electrostrictive  strains  and  small  hystere¬ 
sis  exist  simultaneously.  The  electrostrictive  coefficients,  m  1 1  (longi¬ 
tudinal)  and  mi2  (lateral),  are  as  high  as  8.9  and  3.85  xl0~'* 
respectively,  and  hysteresis  small  enough  to  be  negligible  depending 
on  the  compositions  involved.  The  excellent  electrostrictive  proper- 
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Figure  8.  Influence  of  Bi203  additive  on  the  electrostrictive 
properties  of  pure  PBZT  ceramics,(Ieft)  Bi203-doped  PBZT. 
(right)  pure  PBZT. 

ties  in  this  compositional  region  is  considered  as  to  be  due  to  the  com¬ 
bined  consequence  of  electrostrictive  effects  and  ferroelectric  do¬ 
main  wall  motion.  The  Bi203  additive  was  observed  to  play  a  domi¬ 
nant  role  in  improving  the  properties  of  pure  PBZT  ceramics.  A  small 
amount  of  the  additive  can  significantly  enhance  the  electrostrictive 
and  dielectric  properties  of  the  PBZT  ceramics  In  addition,  large  dis¬ 
placement  in  the  phase  boundaries  of  both  the  Fr-Ft  and  Fr-Pc 
caused  by  the  Bi203  additive  was  discovered. 

ACKNOWLEDGMENT 

This  work  was  supported  by  NASA  under  the  contract  No. 
NAG-1-1301. 

REFERENCES 

[  1 1  K.  M.  Leung,  S.  T.  Liu  and  J.  Kyonka,  Ferroelectrics,  vol.  27, 
pp.41  (1980). 

{2]  T.  Ikeda,  J.  Phys.  Soc.  Japan,  vol.  14(2),  pp.  168  (1959). 

[31  A.  Hagimura,  M.  Nakajima,  K.  Miyata  and  K.  Uchino,  IEEE 
International  Symposium  on  Applications  of  Ferroelectrics, 
pp.  185(1990). 


572 


CERAMIC  ACTUATOR  WITH  THREE-DIMENSIONAL 
ELECTRODE  STRUCTURE 


Yoshiaki  Fuda,  Tetsuo  Yoshida,  and  Tonicji  Ohno 
Tokin  Corporation,  Tokyo  Research  Laboratory,  Sendai,  Japan 

Shoko  Yoshikawa 

Materials  Research  Laboratory,  The  Pennsylvania  State  University 
University  Park,  PA,  USA 


ABSTRACT 

A  new  type  of  actuator  has  been  developed  by  multilayering 
piezoelectric  ceramic  green  sheets  with  line  electrodes  in  such  a 
way  that  electrode  lines  are  parallel  and  slide  one-half  a  pitch  in 
aJtemate  layers.  The  large  displacements  were  obtained  utilizing 
multiplication  of  longitudinal  converse  piezoelectric  effect  occurs 
between  nearest  electrode  lines  located  a  layer  below  or  above. 

A  long  co-fired  multilayer  actuator  with  a  large 
displacement  can  be  easily  produced,  and  reliability  was  improved 
by  eliminating  exposure  of  opposite  polarity  of  electrodes  on  a 
same  surface  of  actuator  to  humidity  in  the  air.  For  example,  a 
74mm  long  actuator  with  106  electrode  lines  on  each  of  100  layers 
provided  a  displacement  of  50  pm/350V,  with  a  generative  force 
of  350  kg/cm^-  Also,  under  the  condition  of  85'C/90%RH  and 
180V  constant  loading,  a  lifetime  of  over  1000  hr  was 
demonstrated. 


1  INTRODUCTION 

With  the  recent  development  of  electromechanical  devices, 
piezoelectric  actuators  have  been  a  primary  focus  of  interest  owing 
to  their  fast  response  time,  large  generative  forces,  high  volumetric 
efficiency,  low  cost,  and  relatively  simplistic  E-field  control. 
Multilayer  piezoelectric  actuators  offer  additional  performance 
features  such  as  low  driving  voltage  and  large  displacements. 

In  order  to  avoid  delaminations  or  crack  formations, 
conventional  co-fired  multilayered  actuators  which  utilize 
longitudinal  piezoelectric  effect  are  limited  to  a  maximum  height  of 
approximately  20mm;  subsequently,  displacement  is  limited  to 
approximately  15pm.  Therefore,  when  more  than  15pm 
displacement  is  required,  it  is  necessary  to  use  displacement 
magnification  devices  or  simply  adhere  several  multilayer  actuators 
in  series.  The  displacement  magnification  devices,  however,  often 
require  complicated  design.  In  addition,  they  also  possess  the 
added  disadvantage  of  decreasing  the  generative  force  (which  is 
inversely  proportional  to  the  displacement).  The  problems 
encountered  when  using  the  stacked  multilayer  actuators  are 
inadequate  control  of  total  length  as  well  as  a  loss  of  response  time 
due  to  the  existence  of  adhesive  layers. 

Theoretical  analysis  and  detailed  experimental  data  on 
piezoelectric  resonators  with  interdigital  electrodes  on  the  surface 
of  a  rectangular  ceramic  for  both  poling  and  driving  purposes  are 
already  found  in  the  literatures!* ’2 1,  in  addition,  we  have 
previously  developed  torsional  actuators  by  applying  interdigital 
electrode  at  a  45  degree  angle  on  the  outside  surface  of  hollow 
PZT  cylinderl^l.  In  order  to  develop  a  large  displacement  co-fired 
actuator,  we  first  investigated  the  effect  of  several  parameters  such 
as  electrode  line  width,  gap,  and  number  of  layers  on  the  three 
dimensional  interdigital  electrodes  (3D-IDE).  By  optimizing 
above-mentioned  parameters  we  have  developed  74mm  long  co- 
fired  piezoelectric  actuators  which  provided  displacement  of  a 
50pm  at  350V. 

In  addition  to  the  large  displacement,  the  new  structure  also 
provides  improved  reliability  by  eliminating  exposure  of  internal 
electrodes  on  the  same  surface  of  actuators  to  the  air  as  seen  in 
conventional  plate-through  type  actuators.  This  paper  describes 
the  effects  of  the  varying  parameters  on  the  three  dimensional 
interdigital  electrodes  as  well  as  discusses  some  reliability  results 
in  various  environments. 


7  EXPERIMENTAL  PROCEDURES 
7-1  SAMPLE.  PREPARATIONS 

Using  calcined  piezoelectric  ceramic  powder,  Pb{Ni,Nb)o.5 
TioasZro  15O3  (NEPEC-10,  TOKIN  Corp  ),  a  70pm  thick  green 
sheet  was  first  formed  by  a  slip  casting  technique.  Fine  line 
electrodes  were  screen-printed  on  the  green  sheet  using  a 
silver/palladium  70/30  mixture.  Two  printing  patterns  were 
prepared  with  a  half  a  pitch  shift  from  each  other.  Table  1  shows 
the  electrode  line  width,  gap,  and  number  of  electrode  lines  for 
five  different  electrode  patterns  which  were  tested  in  the  course  of 
this  study.  The  second  step  was  to  stack  the  green  sheets  30  to 
100  layers  thick  with  alternating  half  shifts.  The  stacked 
multilayers  were  then  heat  pressed  and  fired  at  1100  C  for  two 
hours  in  air.  External  electrodes  were  applied  to  the  two  sides  of 
the  fired  body  where  internal  electrodes  were  exposed.  After  lead 
wires  were  soldered  onto  the  actuators,  poling  was  performed  by 
applying  a  DC  voltage  at  room  temperature.  A  simplified 
schematic  of  the  procedure  is  shown  in  Figure  1.  Actual 
dimensions  of  each  actuator  are  listed  in  Table  11. 


n 


Figure  1.  Schematic  diagram  of  3D-IDE  actuators 

(a)  Green  sheets  configuration 

(b)  Fired  and  electroded  sample 

(c)  Section  view  of  (b) 
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Table  I.  Electrode  printing  pattern  in  mm 


Pattern  No. 

A 

B 

C  D 

E 

Electrode  Width  (a) 

0.15 

0.10 

0.20  0.15 

0.15 

Electrode  Gap  (g) 

0.60 

0.60 

0.60  0.40 

0.80 

Number  of  Lines  (n) 

114 

122 

106  156 

90 

Table 

II.  Dimensions  of  fired  actuator  in 

mm 

No. 

A 

B 

C 

D 

E 

a 

0.13 

0.09 

0.17 

0.13 

0.13 

g 

0.51 

0.51 

0.51 

0.34 

0.34 

d 

0.32 

0.30 

0.34 

0.25 

0.41 

e 

0.05 

0.05 

0.05 

0.05-0.10  0.05-0.10 

©(degree) 

8.9 

9.5 

8.3 

11.8-22.6  7.0-13.7 

L 

74 

74 

74 

74 

74 

WxT 

8x2  for  3C  ’ayers. 

8x6  for 

100  layers 

2-2.  DISPLACEMENT  AND  GENERATIVE  FORCE 

MEASUREMENTS 

The  voltage  induced  displacements  of  each  actuator  were 
measured  by  three  different  methods:  contact  (Mitsutoyo 
micrometer  1DA-112M),  non-contact  (Kienth  laser  micrometer 
LD-2500),  and  strain  gage  (Minebia  SR-4). 

Generative  force  was  calculated  from  the  relation  between 
applied  uniaxial  pressure  (using  Shimazu  compressor)  and  voltage 
induced  displacement,  which  was  measured  using  a  strain  gage. 
In  order  to  apply  a  uniform  uniaxial  pressure  to  the  actuator 
specimen,  a  half  sphere  of  zirconia,  whose  cross  sectional  area 
was  larger  than  that  of  actuator,  was  placed  on  top  of  the  actuator. 


2-4.  RELIABILITY  TEST  CONDITIONS 

Table  111  lists  the  reliability  test  items  and  their  conditions. 
Samples  with  electrode  pattern  C  (see  Table  1)  were  used  for  the 
tests.  Conventional  plate-through  co-fired  actuators  (size  .  5x5x18 
mm)  w  ith  polymer  coating  were  also  examined  for  comparison 


4.  RESULTS  AND  DISCUSSION 


4-1.  DISPLACEMENTS 

Table  IV  shows  the  capacitance  changes  before  and  after 
poling  for  a  30  layer  actuator,  along  with  the  respective 
displacement  values  at  350  V.  Each  pattern  dimension  is 
described  in  Table  II.  Tlte  actuators  were  poled  at  5(X)V  for  30 
sec.  at  room  temperature. 

Sample  #2  whose  electrode  line  width  (“a”  in  Fig.  1 )  was 
the  smallest  value  (0.09  mm).  Sample  #7  whose  distance  between 
opposite  electrodes  was  the  largest  value  (0.41  mm)  (“d”  in  Fig. 
1).  did  not  function  either  as  a  capacitor  or  an  actuator.  Also,  the 
comparison  between  Sample  #4  and  #5  shows  that  smaller  layer 
thickness  in  Fig.  2  gives  larger  displacements.  This  indicates  that 
both  electric  field  strength  and  direction  of  poUi  .  c.ion  are 
important  parameters  that  control  the  actuator  pn'pe:  es.  The 
problem  of  Sample  #2  was  analyzed  to  be  a  liniiijiion  of  the 
conventional  screen  printing  method  to  form  ultrafine  uniform 
lines. 

Due  to  their  large  capacitance  and  displacement  (see  Table 
IV),  electrode  patterns  C  and  D  were  chosen  to  fabricate  100  layer 
actuators.  Table  V  shows  the  data  from  these  samples.  Poling 
was  performed  at  2.5  kV/mm  using  the  closest  distance  between 
opposite  electrodes  (“e”  in  Fig.  1).  The  effective  electro¬ 
mechanical  coupling  coefficient,  k^ff,  which  was  calculated  from 
resonance  and  antiresonance  frequency,  are  also  listed. 

The  displacement  of  the  piezoelectric  ceramic  multilayer 
actuator  can  be  calculated  using  equation  1 . 

Displacement  5  =  aNd33  V  ( i ) 

where  a  is  a  constant,  N  is  usually  the  number  of  layers,  but  in 
this  case  is  the  number  of  gaps  between  the  opposite  polarity  of 
internal  electrodes,  d33  is  piezoelectric  strain  constant,  and  V  is  the 
applied  voltage.  Constant  a  is  a  correcting  coefficient  from  the 
weak  field  d33  value  to  strong  field  strain  constant,  and  is  about 
1.5  for  conventional  plate-through  multilayer  actuators  (^).  In  the 
case  of  the  three  dimensional  interdigital  electrode  actuators,  N  is 
(2n-l)  where  n  is  the  number  of  electrode  lines  on  one  layer. 


Table  III,  Reliability  Test  Conditions 


No. 

Test  Item 

Condition 

1 

Thermal  cyclic  test 

85'C  @  30  min.  «-»-25'C  @  30  min. 
10  cycle 

2 

Pulse  cycle  test 

Ambient  condition  0-1 80V,  lOHz 

3 

DC  degradation 

♦  Room  temp. 

25"C/50%RH,  1 80V  constant  loading 

•  High  temp. 

85"C,  180V  constant  loading 

•  High  temp.  &  high  humidity 

85"C/90%RH,  180V  constant  loading 
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Table  IV.  Capacitance  and  Displaceiiiiiit 
of  Various  Actuators 


Sample  # 

■ 

2 

B 

4 

5 

6 

B 

Pattern  # 

A 

B 

B 

D 

E 

Layer  Thickness  (mm) 

0.05 

0.05 

0.05 

0.05 

0.10 

0.05 

0.10 

Cap.  Before  Poling  (nF) 

215 

— 

412 

715 

416 

236 

... 

Cap.  After  Poling  (nF) 

185 

— 

461 

756 

403 

282 

... 

Displacement  (pm/350V) 

20 

— 

48 

50 

15 

45 

... 

When  calculated  using  displacement  data  shown  in  Table  V,  a 
varies  between  0.7  and  1 .2  which  is  smaller  than  the  conventional 
actuator’s  a  at  1.5.  This  is  due  to  the  piezoelectrically  inactive 
areas  inside  the  actuator  as  well  as  a  non-uniform  electric  field 
between  the  electrodes  as  expected  from  the  cross- sectioned  view 
in  Fig.  1. 


3-2.  GENERATIVE  FORCF. 

Generative  force  is  defined  as  a  force  required  to  return  the 
voltage  induced  strain  back  to  its  original  position  while  constant 
voltage  is  being  applied.  Figure  2  shows  the  strain  vs.  generative 
force  characteristics  of  two  different  electrode  pattern  actuators 
under  an  electric  drive  of  300V.  The  three  dimensional  interdigital 
electrode  multilayer  actuator  with  electrode  pattern  C  gave  a 
generative  force  per  unit  area  of  350  kg/cm*,  which  is  similar  to 
that  of  a  conventional  niultilayer  configuration  actuator  using  the 
same  piezoelectric  ceramic. 

The  following  equation  provides  generative  force  of 
piezoelectric  actuator: 

Stress  P  = 'V33  ^  (2) 

where  Y  is  the  elastic  constant  (5.6  kg/cm^),  A1  is  compressive 
strain  (47  pm),  and  L  is  the  length  of  the  actuator  (74  mm).  The 
calculated  value  was  355  kg/cm^,  which  corresponds  with 
experimental  data.  The  elastic  constant  Y  was  calculated  from 
resonance  frequency  at  weak  electric  field  as  in  d33  in  equation  1. 
Thus  the  elastic  constant  may  vary  under  the  application  of  a  large 
field. 


Table  V.  Capacitance,  Displacement,  and  k,rr 
of  100  Layer-Actuators 


Exp. 

8 

9 

Electrode  pattern 

C 

D 

Cap.  before  poling  (nF) 

1170 

1460 

Cap.  after  poling  (nF) 

1400 

1630 

Displacement  (pm/3.50V) 

55.5 

51.4 

kcir 

0.45 

0.31 
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Ficiire  2.  Relationship  between  generative  force  and 
strain  of  3D-IDF,  actuators. 


Table  VI.  Reliability  Test  Results 


No. 

Test  Items 

Res 

ullS _ 

3D- Interdigital  MLA») 

Conventional  MLA 

1 

Thermal  Cycle 

OK 

OK 

2 

Pulse  Cycle 

480  hr.  25%  IR^)  loss 

3 

DC  Degradation 

•  Ambient 

•  High  temp. 

•  High  temp,  humidity 

_ 

1000  hr.  OK 

1000  hr.  OK 

1000  hr.  OK 

300  hr.  50%  IR  loss 

1000  hr.  OK 

24  hr.  100%  IR  loss 

a) MLA;  multilayer  actuator 

b) IR;  insulation  resistance 


1-3.  Reliability  Evaluation 

The  samples  used  for  reliability  tests  were  the  100-layer 
actuators  with  electrode  pattern  C,  which  had  large  displacements 
and  electro-mechanical  coupling  coefficients.  Results  of  test  items 
listed  in  Table  III  are  summarized  in  Table  VI.  An  applied  voltage 
level  of  180  V  shown  in  Table  III,  is  equivalent  to  field  strength  of 
1  kV/mm  at  the  nearest  distance  “e”  in  Fig.  1  and  is  the  same  as 
the  recommended  driving  voltage  for  conventional  multilayer 
actuators. 

The  3D-interdigital  structure  actuator  samples  tested  for 
reliability  did  not  have  any  surface  treatments  such  as  a  polymer 
coating,  so  the  choice  of  appropriate  coating  remains  as  a  future 
task  to  perhaps  improve  reliability  funher. 

Pulse  cycle  tests  of  piezoelectric  actuators  often  become  self 
destructive  due  to  the  sudden  induced  tensile  and  compressive 
strain.  Therefore,  all  of  the  pulse  cycle  tests  were  performed 
under  constant  prestress  conditions.  With  this  cx^iimental 
condition,  25%  of  the  samples  tested  showed  a  decrease  in  IR 
after  480  hours  of  testing.  Frequency  dependence  and  the  degree 
of  prestress  are  required  for  further  study. 

Conventional  plate-through  type  actuators  have  a  weakness  in 
lifetime  under  humid  conditions,  and  the  experiment  showed  that 
ail  of  the  conventional  samples  shorted  in  less  than  24  hours  in 
high  temperature  high  humidity  conditions.  In  contrast,  the  newly 
designed  actuators  had  a  1000  hour  lifetime  in  the  same 
conditions,  proving  the  improvement  of  lifetime  in  high  humidity. 


4.  CONCLUSIONS 

1 .  A  long  length  actuator  was  developed  with  a  fine  line  three 
dimensional  electrode  struemre  using  longitudinal  piezoelectric 
effect.  The  displacement  direction  of  this  type  of  actuator  is 
perpendicular  to  the  stacking,  unlike  a  conventional  multilayer 
actuator,  in  which  displacement  occurs  along  the  stacking 
direction. 

2.  The  new  structure  actuator  had  a  co-fired  body  length  of  74 
mm  and  gave  a  50  pm  displacement  under  350V  applied 
voltage  and  generative  force  of  350  kg/cm^. 

3.  According  to  the  reliability  tests  results,  the  new  structure 
actuators  exceeded  a  1000  hour  lifetime  in  85*C/90%RH 
environment  under  constant  applied  field  of  1  kV/mm. 


ACKNOWLEDGEMcNT 

One  of  the  authors,  Shoko  Yoshikawa,  would  like  to  thank 
the  Office  of  Naval  Research  for  its  support  through  Grant  No. 
N00014-92-J-1059. 


EEFEREN£ES 

1.  H.  Shimizu,  K.  Nakamura,  S.  Oyama,  Jpn.  J.  Appl.  Phy.  22, 
Suppl.  22-2,  pp.  163-165  (1983). 

2.  S.  Hirose,  T.  Yokoyama,  H.  Shimizu,  Jpn.  J.  Appl.  Phy.  22, 
Suppl.  22-2,  pp.  170-172  (1983). 

3.  Y.  Fuda,  T.  Mashiko,  T.  Yoshida,  JSME  the  3rd 
Electromagnetics  Symposium  Proceedings,  June  12-14, 1991, 
pp.  154-157. 

4.  Y.  Fuda,  M.  Murata,  Y.  Sugita,  K.  Mitsuhashi,  JSME  the 
24th  Symposium  Proceedings,  July  13-15,  1987,  pp.  115- 
118. 


576 


COMPOSITE  OF  BaTiOg  AND  PbtZr.TnOg  FABRICATED  WITH  COg  LASER 
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Shonan  Institute  of  Techno  logy, 1-1-25  Tsujido  Nishikaigan, 
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Abstract 

Synthesis  of  the  new  composite  was  carried 
out  by  bonding  of  PbiZr.TiiOg  with  BaTiOg 
using  a  COg  laser  as  the  preliminary  study. 
Pb(Zr,Ti)Og  was  the  thick  film  (  0.05  mm  in 
thickness  )  and  BaTiOg  was  sintered  body  fabr¬ 
icated  by  the  conventioal  method.  The  COg 

2 

laser  power  was  143  W/cm  and  the  iiradiation 
continued  for  50  s.  The  two  starting  mate¬ 
rials  were  bonded  mutually  and  Pb<Zr,Ti)Og  was 
identified  with  an  XRD  analysis.  The  inter¬ 
faces  between  two  ceramics  were  discussed  with 
the  results  electron  probe  micro  analysis 
(EPMA)  and  electric  properties  were  referred 
to  as  well. 

1 n  t  roduc  t  i  on 

Piezoelectric  ceramics,Pb(Zi',Ti  )0g  (hereafter 
PZT )  have  been  employed  for  a  lot  of  applicat¬ 
ions  to  electronic  packagings  corresponding  to 
their  characteristics  as  well  as  BaTiOg  (here¬ 
after  BT )  .  And  new  electronic  properties  have 
been  achieved  by  making  these  ceramics  into 
thin  films  recently,  hence  the  applications 
have  become  wider.  In  order  to  make  thin  film, 
and  coating,  laser  CVD,  PVD, r f -spu t t ei i ng  etc. 
have  been  used  by  many  investigators  and  indu¬ 
stries.  The  purposes  of  the  present  study  are 

to  bond  BT  with  PZT  thick  film  and  to  have  the 
composite  new  elect:  ic  properties  in  piezo¬ 
electricity  and/or  f erroe 1 ec t r i c i t y .  There 
could  be  a  variety  of  combination,  such  as 
piezoelectric  cerami cs/ f erroe 1 ec t i i c  ceiamics, 
pi ezoe 1 ec tr i c/semi conduc t i ng ,  etc.  PZT  thick 
films  were  bonded  with  BT  by  COg  laser  irradi¬ 
ation.  After  an  i riad i at i on ,  PZT  was  identifi¬ 
ed  with  X-ray  diffraction  ana  1 ys i s ( XRD) ,  and 
the  interfaces  between  PZT  and  BT  wore  analyz¬ 
ed  wi  th  an  EPMA  and  a  SEM  as  well. 

E.xper  imenta  1 
Fabrication  and  materials 


The  BT  as  a  substrate  was  fabricated  by  the 
conventional  process;  the  raw  materials  of 
BT  (purity  99.95c)  and  TiOgOS.S  5c)  were  mixed 
with  a  ball-mill  for  20  h,  then  pressed  at  1.5 
ton/cm  .  The  size  of  a  pellet  was  10  mm  in  dia, 
0.9  mm  in  thickness.  The  sintering  was  carried 
out  at  1320“C  for  1  h  after  burning  out  the 
binders.  PZT  powder!  Hayashi  chemical  Co.  Ltd 
was  dissolved  into  an  organic  solvent  with 
the  volume  fraction  of  50:50  approximately. 
The  mixtures  in  slurry  were  blended  with  a 
ball-mill  for  15  h.  The  slurry  was  poured  into 
a  doctor  blade  machine  to  make  I’ZT  thick  film 
(0.05  mm)  on  a  polyethylene  film  which  tiavel- 
ed  at  the  speed  of  3.5  mm/s.  PZT  thick  film 
was  dried  for  a  tew  days  in  air,  and  the  PZT 
peeled  off  a  polyethylene  film  was  cut  in  the 
size  for  putting  on  a  BT  pellet. 

COp  laser  irradiation 

The  system  of  PZT  film  on  a  BT  was  provided 
for  a  COg  laser  irradiation  which  was  shown 
in  Fig.l.  The  system  consists  of  two  parts; 


Fig.l  Schematic  of  a  COg  lasci  irradiation 
system. 
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a  lasei  oscillator  and  a  chamber.  The  focusing? 
distance  of  CO.;  laser  beam  (10.6  jamm  in  viave 
len/<th)is  ;i8  mm  with  a  continuous  mode  to  give 
the  spot  size  of  3  mm  on  the  pellet.  The  cham¬ 
ber  was  maintained  i  a  mixed  gas  atmosphere 

C. 

of  20  %  O2  and  Ai  a.  10  Pa.  The  laser  power 
applied  to  the  system  was  143  K/cm^.  The  spec¬ 
imen  holder  was  heated  at  390“c  and  rotatea  at 
10  rpm.  The  temperatures  were  measured  by  Pt- 
PtRh{13  y.)  thermocouples.  Figure  2  shows  the 
schematic  of  specimens  both  in  bulk  and  thick 
film  of  PZT  for  CO^  laser/BT  irradiation.  In 
the  system  of  bulk  PZT, the  heat  from  the  laser' 
was  absorbed  by  Al.,03  powder  and  transmitted 
to  PZT  by  way  of  Si  single  crystal  plate. 


Laser  beam 


La) 


Fig. 2  Schematic  for  specimens  with  a  CO2 
laser  irradiaton  system. 

(alPZT  fllm/BaTlOj  system 


(b)PZT  or  BaT103  system 
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Fig. 3  XRD  result  after  CO2  laser  irradiation 
for  PZT  bulk  1857  W ' cm' ) . 


Fig. 4  XRD  result  after  CO2  laser  irradiation 
,or  BT  bulk  (1857  W/cm^). 


Results  and  Discussion 

The  irradiation  with  CO2  laser  on  a  PZT  green 
pellet  from  PbO,  Zr02  and  Ti02  powders  was  re¬ 
ported  by  Sugihara  previously.^*  According  to 
the  study,  PZT  was  sintered  by  the  power  of 
1857  W/cm'  for  15  min.  The  XRD  analysis  revea¬ 
led  the  typical  PZT  patterns  as  shown  in  Fig. 3 
The  grain  size  was  1-2  pim  with  a  large  amount 
of  pores,  but  neckings  between  grains  have  de¬ 
veloped.  The  another  study  for  the  sintering 

of  BT  green  pellet  using  CO2  laser  was  report- 
0  \ 

ed  by  Sugihara,'  which  laser  power  was  1857  W 

9 

/cm'.  Figure  4  shows  the  results  of  the  XRD 
analysis  after  a  CO2  laser  sintering  for  BT . 
There  are  a  few  studies  on  the  sintering  of 
the  oxides,  such  as  Zr02-Hf02  and  the  ternary 
system  of  additioning  of  Y2O3  to  the  Zr02-Hf02 
^  *  The  CO2  laser  power  for  the  system  desc- 

0 

ribed  above  was  2.7  kW/cm  that  was  higher 
than  the  sintering  of  the  electronic  ceramics. 
The  higher  power  than  2  kW/cm  ,for  instances. 


will  make  the  pellet  cracked  or  broken  in  the 
sintering  of  PZT  and  BT  even  though  it  is  cov¬ 
ered  described  in  Fig. 2.  The  high  powers  were 
not  needed  for  the  system  of  the  PZT  thick 
film/BT;  that  was  143  W/cm^  for  50  s  without 
any  covers  for  irradiation.  After  the  irradi¬ 
ation,  PZT  thick  film  was  sintered  according 
to  the  results  of  an  XRD  analysis  as  shown  in 
Fig. 5.  The  separations  of  lines  on  the  pattern 
were  not  definite  as  compared  with  the  laser 
sintering  of  the  PZT  bulk  at  1867  w/cra^.  The 
XRD  results  were  similar  to  the  conventional 
sintering  of  the  system  of  PZT  thick  film/BT 
as  shown  in  Fig. 6.  Afer  CO2  laser  irradiation, 
the  film  surface  was  shown  with  a  scanning  el¬ 
ectron  mi croscope ( SEM)  in  Fig. 7.  It  revealed 
the  bonding  of  grains,  and  pores  whereas  the 
developments  of  necking  between  particles  were 
much  in  the  CO2  laser  sintering  for  PZT 
bulk.^*  It  is  difficult  to  achieve  the  grain 
growth  to  10-20  /um  by  sintering  with  a  CO2 
laser  even  at  1857  W/cm^  for  those  ceramics  in 


[i] 


XKD  result  after  CO^  laser  irradiation 
for  HZT  thick  f i 1 m/ BT  (143  W/cm^). 
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l-Ot.O  XKD  result  foi  IVI  thick  film/UT  by  a 
conventional  sintei ing. 


a  bulk  body.  However,  the  we  I  I -deve I  oped  neck¬ 
ings  for  3-3  composites  of  I’ZT  will  be  note- 
wo  thy  fiom  facts  that  porous  PZT  with  such 
structures  presented  higher  piezoelectric  vol¬ 
tage  coellicient  by  caps  ii  1  e -f  lee  O2  H  I  Fed  pro- 

R  ) 

cess.'  Figure  8  indicates  the  interfaces 
between  IVT  thick  film  and  HT  with  an  KFMA 
analysis  after  the  irradiation.  There  were  not 
any  significant  diffusion  or  migration  of  each 
e 1  omen  t . 

The  systems  were  poled  at  1  kV/mm  for  I  fi , 
then  the  relative  permittivities  were  measuied 
lor  the  m  and  ttie  I’/T  in  a  bulk  after  the 
laser  sinterings,  which  values  were  loo  and 
HOO,  respectively.  As  far  as  I’/T  thick  film/ 


■1 

m 

Kig.7  SKM  photograph  on  the  surface  of 
PZT  thick  film/BT  system  after 
CO.,  laser  irradiation. 


K  counts 


Fig. 8  FIFMA  analysis  at  the  interfaces  between 
I'ZT  thick  film/BT  after  CO2  laser  irra¬ 
diation. 


Conclusion 

FZ 1  thick  film  was  bonded  with  BaT 1 0^  with  a 

2 

CO.,  laser  irradiation  at  143  W/cm  for  50  s. 
I'he  IVI'  film  was  a  poioiis  with  some  neckings. 
However,  theii  connectivities  of  grains  and 
a  little  more  grain  growth  must  be  improved. 
Ihe  next  step  will  be  aimed  at  these  points 
and  at  vapor  deposition  of  IV.  1  thin  film  on  BT 
by  CO2  laser  ii radiation. 
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ANOMALOUS  MECHANICAL  AND  PIEZOELECTRIC  COEFFICIENTS 
IN  PIEZOCERAMICS  USED  FOR  IGNITION 


P.  Gonnard,  C.  Garab^dian,  H-  Ohanesaian,  L.  Eyraud 
Laboratoire  de  G^nie  Electrique  et  Ferro61ectricit6 
INSA,  69621  VILLEURBANNE  CEDEX,  FRANCE 


Abstract  :  An  analysis  of  the  impact  igniters  is  deve- 
lopped  following  the  classical  electromechanical  analo¬ 
gies.  From  the  comparison  of  the  model  with  the  experi¬ 
mental  characterization  of  the  converter,  unusually 
high  values  of  '^33'  ^33  coefficients  are  shown 
off.  Moreover  an  important  increase  of  the  loss  tangent 
occurs  during  the  dynamic  compression.  The  influence  of 
the  applied  uniaxial  stress,  the  size  of  the  piezocera¬ 
mics  and  their  composition  are  studied. 


The  converter  is  connected  to  various  external 
capacitances  and  the  stress  pulse  is  assumed  to  be 
sinusoidal.  In  such  harmonic  conditions  the  external 
output  voltage  V  is  related  to  the  short  circuit  elec¬ 
trical  charges  by  the  relation  : 

Q.C  1  1 

V  »  -  or  —  •  —  *  - 

etc,  V  V,  Q,, 

with  : 

C  -  eJj  — ,  V,  •  933T^£>  Q,c  •  ‘^33^N*' 


INTRODUCTION 

Piezoelectric  spark  generators,  based  on  the  mechano- 
electrical  energy  conversion  may  be  classified  into  two 
categories  i  the  squeeze  type  driven  by  moans  of  a  qua¬ 
si-static  compression  and  the  impact  type  driven  by 
means  of  a  pulsed  stress  of  a  hundred  microsecond  dura¬ 
tion.  Iti  both  cases  the  phenomena  occuring  during  the 
conversion  are  complex  due  to  the  simultaneous  occuren¬ 
ce  of  high  stresses  and  high  electric  fields.  The  pur¬ 
pose  of  the  present  work  is  to  analyse  the  process  of  a 
dynamic  igniter  and  to  characterize  the  electromechani¬ 
cal  coefficients  during  the  conversion.  The  knowledge 
of  these  high  level  coefficients,  quite  different  from 
the  low  level  ones,  is  useful  with  the  object  of  elabo¬ 
rating  piezoelectric  compositions  better  suited  to  tho¬ 
se  igniters. 

The  low  level  coefficients  (LL)  are  measured  at  0.5  V 
according  to  the  IEEE  standards  [1]. 


CHARACTERIZATION  OF  PIEZOCERAMICS  UNDER  DYNAMIC  COM¬ 
PRESSION 


T^  is  the  maximum  stress. 

The  —  “  f(c, )  curve  is  a  straight  line  with  a  slope 

I 

and  the  ordinate  at  C,  «  0  is  —  (Figure  1). 


1 


Figure  1  -  Classical  equivalent  circuit  of  the  Igniter 
and  deteralnation  of  V, ,  Q, ,  and  C 


•he  maximum  energy  transfered  to  the  external  capacl- 
;ance  is  obtained  for  C  -  C, .  Its  value  per  unit  volume 
>f  ceramic  is  ; 

W.  *  r  ‘*33911 


The  piezoelectric  bar  is  supposed  to  be  excited  only  on 
a  longitudinal  mode  (length  t  »  diameter  0,  area  A). 
One  face  is  in  contact  with  the  base  having  an  infinite 
stiffness  and  the  mechanical  force  F^  is  applied  to  the 
other  face. 

The  more  classical  and  simple  equivalent  circuit  of  the 
piezoelectric  source  is  a  voltage  generator  (open  cir¬ 
cuit  voltage  v, )  in  series  with  an  internal  capacitance 
C  (21. 


This  method,  applied  to  igniters,  leads  to  anomalously 
high  values  of  C  and  Q,, .  For  example  it  is  found  for 
the  sample  4  (0  “  2.7  mm,  £  »  5  mm)  s  V,  “  21.000  V, 

-  ±  0.7  pCb  i.e  ±  12  pCb/cm^  and  C  •  30  pF  whereas 
«  8  pF,  W  -  W,A£  »  2.6  mJ  for  C,  -  28  pF 
Such  deviations  lead  us  to  find  a  new  method  for  the 
characterization  of  the  electromechanical  coefficients 
under  high  stresses  and  electric  fields. 
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peTKRIlIMATIOM  OF  THE  BLBCTROMECHWHCAL  COSPFICICIITg 
imDER  HIOH  LEVEL  FROM  AM  AMALOO  IWDBI,  OF  CTg 
COMVERTBR 

This  method  has  been  described  in  Ref.  (3)  previously. 
The  Mason  equivalent  circuit  of  the  piezoceramic  wor¬ 
king  as  a  mechanoelectrical  converter  is  given  in  part 
A  of  Figure  2b.  The  pulsed  stress  can  be  achieved  by  a 
spring  loaded  hammer  or  a  falling  steel  ball  {ma4.»  .n,  ) 
striking  an  anvil  (mass  M)  located  at  the  top  of  the 
piezoelement  (mass  m2 »  compliance  833)  (Figure  2a).  The 
equivalent  network  is  given  in  part  B  cf  Figure  2b  in 
which  represents  the  elasticity  of  the  interface 

ball-anvil.  The  initial  conditions  exciting  the  circuit 
are  given  by  the  velocity  v^^  of  the  ball  at  the  impact 
time.  Once  the  mechanical  elements  transformed  across 
the  electrical  side  the  equivalent  circuit  is  given  in 
Figure  3.  represents  the  lateral  clamping  of  the 

piezobar  owing  to  the  external  case  and  R^  the  dielec¬ 
tric  losses  of  the  ceramic.  The  mechanical  losses  of 
the  ceramic  are  negligeable  with  regard  to  Rj^j .  The  vir¬ 
tual  rectifiers  D,  and  D2  prevent  any  tensile  force 
from  being  applied  to  both  interfaces. 


2b 


Figure  2  -  Equivalent  circuit  of  the  spark  generator 


The  resulting  frequency  of  the  impact  will  be  the  whole 
system  frequency  which  is  generally  much  lower  than  the 
A/4  resonance  frequency  of  the  piezobar  ;  the  pulsed 
stress  is  performed  by  a  21.6  g  ball  falling  from  a 
height  varying  from  5  to  33  cm. 

The  open  and  short  circuit  characteristics  are  recorded 
(Figure  4,  Experimental  points)  and  by  adjusteroent  of 
the  network  parameters  the  calculated  characteristics 
(Figure  4,  dotted  line)  can  fit  the  experimental  ones 
very  well.  From  the  value  of  R^,  R^  and  N 
the  following  high  level  coefficients  are  achieved  ; 
C33.  <^33  >  B33  as  well  as  the  maximum  reached  stress  T^ . 
Consequently  the  other  electromechanical  coefficients 
are  calculated  (£33,  kjj,  g33dj3,  tg6). 


.  •  lii'-i;  vciiAi.f  1-  SHORT  risrriT 


Figure  4  -  Experiasntal  and  calculated  characterittica 
(sample  4) 

VARIATIOMS  OF  THE  ELECTROMECHAWICAL  COEFFICIENTS  AS  A 
rPMCTIOII  OF  THE  APPLIED  UNIAIIAL  STRESS 

This  study  is  made  with  small  sized  piezobars  (0  =  2.7 
mm,  €  =  5  mm).  While  increasing  the  drop  h,  the  inci¬ 
dent  kinetic  energy  is  increased  as  well  as  the  uni¬ 
axial  pressure  T^ .  After  adjustement  of  network  parame¬ 
ters  this  stress  T„  is  calculated  for  each  value  h.  Fi- 

ft  eg 

gure  5  shows  that  T^  varies  as  h  whereas  Marutake 
[4]  found  a  variation  as  h^ ' ^ .  We  calculated  the  same 
function  with  an  exposant  0.66. 


Figure  5  Variations  of  versus 
the  falling  ball  height 


582 


Figure  6  clearly  shows  that  the  ratios  of  the  high  le¬ 
vel  coefficients  (HL)  above  low  level  coefficients  (LL) 
are  strongly  dependent  on  the  applied  stress.  It  is 
well  verified  that  all  ratios  tend  to  unity  when  the 
stress  tends  to  zero. 

At  high  pressure  quite  anomalous  values  of  djj  and 

Sjj  are  found  and  the  figure  of  merit  <133933  ib  stron¬ 
gly  improved. 

The  electric  charges  released  in  short  circuit  reached 
±  12  pCb/cm^  i.e  a  third  of  the  remanent  polarization. 
However  the  open  circuit  voltage  remains  limited  by  the 
strong  increase  of  both  fjj  {C^)  and  the  dielectric  los¬ 
ses  #  R„i^|^/30). 


In  industrial  small  size  igniters  the  piezoceramics  are 
subjected  to  stresses  up  to  3.10*  Hm'^  so  they  are  in 
conditions  analog  to  h  «  30  cm.  It  is  surprising  that 
no  depolarization  affect  or  cracking  occurs  under  such 
a  stress  whereas  under  static  conditions  important  ef¬ 
fects  of  depolarization  appear  up  to  1.2  10*  Nm' ^  for 
the  same  composition  [5].  It  is  supposed  that  the  main 
part  of  the  released  electric  charges  are  due  to  an 
electronic  commutation  because  of  a  change  of  valency 
in  the  structure  [6].  These  reversible  fast  commuta¬ 
tions  would  not  alter  the  whole  dipolar  moment  and  con¬ 
sequently  the  reversibility  is  kept  on. 

Mechanically,  the  strong  lateral  clamping  of  the  piezo¬ 
bar  due  to  the  case  (high  value  of  R_ )  protects  this 
element  from  cracking. 


Ratios 

versus 

impact 

cT 

‘■3IHL 

r 

^33LL 


Figure  6 

of  high  level  above  low  level  coefficients 
the  maximum  applied  stress  (T^f)  during  the 
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Short-circuit  electric  charges  and  open  cir¬ 

cuit  voltage  (V^)  versus  T^ 


zrnpn 

For  the  same  drop  (h  >  33  cm)  and  the  same  mechanical 
environment  two  elements  of  P190*  material  differently 
sized  have  been  tested.  It  is  shown  (Table  I,  columns  1 
and  2)  that  the  same  open  circuit  voltage  is  almost 
reached  with  the  small  piezoelement  which  is  three  ti¬ 
mes  smaller  that  the  standard  sized  one  (0  6.35  mm, 
£  15  inn).  Consequently  the  maximum  electric  field  and 
stress  are  three  times  greater  with  the  small  element 
and  it  yields  to  widely  enlarged  non  linearities.  The 
energy  per  unit  volume,  transfered  to  a  matched  ca¬ 
pacitance,  varies  nearly  as  d,t  9tt  >d<)  i-*  13  ti- 
mes  higher  with  the  small  element. 


DEFEMDEMCB  OF  WOW  LIIIKARITIE8  OW  THE  MATERIAL  COHPOSI- 
TIOW 

Two  hard  comipositions  having  nearly  the  same  low  level 
characteristics  are  compared  in  columns  3  and  4  of  Ta¬ 
ble  1 .  It  can  be  observed  that  the  increase  of  the  high 
level  compliance  s|j  of  sample  4  is  related  to  an  im¬ 
portant  increase  of  the  figure  of  merit  <^33933  and  a 
relatively  low  applied  stress  T,, .  The  best  energy  is 
obtained  with  the  more  non  linear  material.  In  sample  3 
the  high  level  g^j  coefficient  is  particularly  low,  as 
a  consequence  the  open  circuit  voltage  is  reduced. 

A  structural  analysis  by  X  Rays  of  various  hard  composi 
tions  shows  that  the  highest  non-linearities  under  high 
stresses  occur  for  mixed  phases  situated  on  the  rhombo- 
hedral  side  of  the  tetragonal-rhombohedral  phase  tran¬ 
sition. 


*  Quartz  at  Silica,  Franca 
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P  190 

2.7x5  mm 


Suipl«  3 

2.7x5  mm 


SampI*  4 

2.7x5  mm 


COMCLUSIOM 


P  190 


6.35  X  15  mm 

2.7x5  mm 

2.7x5  mm 

2.7x5  mm 

“^5 3  HI. 

360 

600 

410 

590 

205 

197 

245 

210 

933H1. 

28.9 

26.1 

19,2 

34.5 

^3311 

32 

29 

30 

33 

'^33933HL 

10.4 

15.7 

7.9 

20.4 

'^3393311. 

6.6 

5.7 

7.3 

6.93 

*33rHL 

1410 

2600 

2420 

1930 

*33rll. 

722 

765 

930 

714 

®33ML 

14.9 

25.9 

16.1  ^  ^ 

29.6 

®33Ll 

14.9  ^ 

13.7 

16.1 

15.6 

’‘33HL 

0.84 

0.78 

0.69 

0.83 

*‘3  31.1 

0.66 

0.65 

0.67 

0.67 

tan6^j^  % 

7.8 

8.  IS 

16.6 

9.47 

tanSj^^^  % 

0.27 

0.29 

0.71 

0.65 

w. 

(mJ/cm^ ) 

4.8 

61 

56 

91 

T 

(N/m^ . 10* ) 

1061 

3080 

3615 

3094 

1  V  ( kv ) 

1 

23 

19.5 

15.7 
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L... 

21 

L . .  .  ! 

!  ^ 
i  (nCb) 

L_ 

±  0.98 

_ _ _ 

1 

*  0.78 

1 

1 

±  0.7 

1 

_ J 

.  a  P 

1 

±  3.1 

,  i  13.6 

i  -  12 

i  i 

1  (laCb/cm^  ) 

1 

1 

!  ±  12.2  1 

Anomalously  high  electromechanical  coefficients  are 
shown  off  with  the  help  of  an  analog  model  of  an  impact 
igniter.  When  small  sized  piezoelements  are  submitted 
to  very  high  stresses  the  non-linearities  are  the  high¬ 
est,  but  the  reversibility  is  kept  on.  Further  investi¬ 
gations  are  made  in  order  to  determine  the  relationship 
between  these  non-linearities  and  the  composition  or 
the  structure  of  the  piezoelectric  material. 
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Table  I 

High  level  characteristics  of  piesoeleeents  used 
in  dynaeic  coapression  : 

1  and  2,  size  effects  ; 

2,  3  and  4,  coaposition  effects 

djj  in  pC/N  and  g^j  in  lO'^Vm/N, 
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ASS  I'KACT  The  effects  of  Li20,  Bi203,  CdO  and  V2O5  on 
sintering  temperature  and  electromechanical  properties 
were  invest  i^jated .  In  order  to  reduce  the  sintering 
temperature  further,  the  complex  additives  of  Li20- 
Bi203-CdO( I.BC)  were  employed.  The  rusults  show  that  LBC 
will  melt  to  form  Liquild  at  low  temperature.  It  was 
adventageous  to  promote  the  densification  of  ceramics. 
The  mass  transport  process  of  solution  and  reprecipita¬ 
tion  made  the  elements  distribution  uniform  and  further 
densification  of  ceramics.  There  was  no  influences  on 
the  electromechanical  properties  of  PZT  ceramics  be¬ 
cause  the  additives  have  no  harmful  impurities  in  it. 

Introduction 

The  vaporization  of  PbO  in  PZT  ceramics  is  of 
great  significance  because  it  influences  the  electro¬ 
mechanical  properties  of  PZT  ceramics  and  causes  the  en- 
viromental  pol lut ion . [ 1 ] [ 2 ]  The  additives  are  always 
employed  to  lower  sintering  temperature .[ 3 ] [4  ][ 5 ]  The 
amount  of  vaporization  will  be  reduced  remarkably  if 
the  sintering  temperature  can  be  reduced  to  1000°C  or 
below.  However,  it  is  very  important  to  choose  the 
additives.  In  the  present  paper.  The  effect  of  addi¬ 
tives  and  their  amounts  on  sintering  temperature  and 
electromechanical  properties  have  been  investigated. 

The  mechanism  of  low  temperature  sintering  was  examined. 

Materials  and  methods 

As  a  basic  system  of  PZT  ceramics(B-PZT)  for 
low  temperature  sintering,  the  composition  is 
Pbi_xBax(Zro. 33Tio. 47)03+  ySb205  +  zSi02,  wher  x=0-20 
molS,  y=0-2.5wtf  and  z=0-2.5wtZ.  If  there  is  no  addi¬ 
tives  in  this  system,  the  ceramics  should  be  sintered 
at  1250°C  for  2  hours(see  table  2).  The  additives  of 
CdC03,  Li2003,  Bi203,  V2O5  and  complex  additives  of 
Li 20-Bi203-GdO( LBC)  were  employed  to  lower  the  sinter¬ 


ing  temperature  of  B-PZT  ceramics.  The  electromechital 
properties  of  the  samples  were  measured  by  .'iP-4192A 
impedence  analyser  and  d33  meter.  SEM,  STEM  X-ray  ener  rv 
spectra  and  TG-DTA  methods  were  used  Co  study  the  me¬ 
chanism  of  low  temperature  sintering  through  the  obser¬ 
vation  of  the  thin  foil  specimens.  The  dynamics  of  low 
temperature  sintering  was  carried  out  by  determining 
the  linear  shrinkage  of  the  cubic  samples  of  L3C-PZT  as 
a  function  of  sintering  time  at  900°C  and  960*C. 

Result  and  Discussion 

The  effects  of  various  additives  on  the  sinter¬ 
ing  temperature  and  electromechanical  properties  are 
shown  in  Table  I.  Comparing  with  CdCOg  LigCOg  and  BiZ^g 
it  can  be  found  that  V2O5  exhibits  remarkbale  inflence 
on  lowering  sintering  temperature.  The  amount  of  0.3wt% 
can  reduce  sintering  temperature  about  lOO'C.  However, 
V2O5  shows  that  it  has  harmful  influences  on  the  elec¬ 
tromechanical  properties  of  B-PZT  ceramics.  The  of 
B-PZT  ceramics  with  O.owtZ  V2O5  decreased  to  31%.  It  is 
only  half  value  of  B-PZT  ceramics.  In  this  case, 
could  not  be  considered  as  a  proper  additive. 

CdC03,  Li2C03  and  61303  show  the  effects  on 
lowing  sintering  temperature  in  a  certain  degree.  The 
results  further  indicate  that  Li2C03  is  not  ooly  lowing 
sintering  temperature  but  also  increasing  the  electro¬ 
mechanical  properties  of  B-PZT  ceramics.  Therefore,  it 
is  an  ideal  additive  for  B-PZT. 

In  order  to  reduce  the  sintering  temperature 
further,  employing  complex  additives  is  necessary. 

Table  2  show  the  electromechanical  properties  of  the 
samples  with  and  without  additives  of  LBC  sintered  at 
different  temperature  and  remaining  time.  The  results 
indicate  that  the  optimum  sintering  temperature  has  been 
reduced  about  300  C  because  of  the  adding  of  LBC  addi- 


Table  1  The  effects 

of  additives 

on  sintering  temperature  and  electromechnical 

properties 

No. 

additives 

adding  amount 

wt%  sintering  temperature  'C 

If 

Kp  ,0 

V 

tgS  z 

1 

1250 

68 

2550 

1.65 

2 

CdC03 

1.0 

1150 

62 

2000 

1.75 

3 

CdC03 

2.5 

1100 

63 

2260 

1.35 

4 

CdC03 

5.0 

980 

58 

2250 

2.20 

5 

Li2C03 

0.1 

1150 

69 

2250 

2.20 

6 

Li2C03 

0,3 

1100 

68 

2570 

1.80 

7 

Bi203 

1.0 

1150 

58 

1850 

2.00 

8 

3.0 

1100 

46 

1600 

2.10 

9 

V2O5 

0.5 

1150 

31 

1400 

1.60 

10 

V2O5 

2.0 

1050 

24 

900 

1.45 
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Tciblfc'  2  Properties  of  the  samples  of  L3C-PZT  and  B-PZT  sintered  at  difierent  tor.pcr.iLure  ar.J  r; 


LBC-PZT 


-lio’.iif  time 


t ime(hrs) 

2 

4 

6 

1/5 

2 

2 

sintering  temperaure  *C 

960 

960 

960 

900 

900 

125C 

Kp 

67.5 

68.0 

67.5 

57.0 

63.0 

68.0 

£)3  / 

2160 

2200 

2100 

1780 

1870 

2550 

dggXlO 

555 

570 

565 

370 

445 

610 

no  sig 
es  bet 


Fig.l  (a)  Bright  field  STEM  micrograph  of  LBC- 
PZT  ceramics  quenched  from  900*C  remaining  10 
minutes(40000x )  (b)  Electron  diffraction  pat¬ 
terns  of  microareas  A  and  B 

Fig.l  shows  the  SEM  micrograph  and  electron 
diffraction  patterns  of  the  thin  foil  specimens.  Micro¬ 
areas  A  and  B  are  located  in  grain  and  grain  boundary 
respectively.  The  results  indicate  that  microarea  A  is 
crystalline  structure  and  B  is  noncrystalline  struc¬ 
ture. This  means  that  the  low  temperature  sintering  of 
LBC-PZT  ceramics  is  a  sintering  of  presence  of  liquid. 
The  TG-DTA  curves  of  LBC  also  indicate  that  it  melt  to 
form  liquid  at  510°C(Fig.2) .  The  presence  of  liquid 
will  promote  the  densi f ication  of  ceramics.  Fig. 3  are 
the  STEM,  SEIi  micrograph  and  the  X-ray  energy  spectrum 
of  sample  sintered  at  900°C  for  10  minutes.  It  can  be 
found  that  B1  and  Cd  content  in  grain  boundary  are 
richer  than  those  in  grains.  However,  the  X-ray  energy 
spectrum  of  the  sample  sintered  at  900°C  for  4  hours 
show  that  the  elements  distribution  in  five  microareas 
from  grain  boundary  to  grain  has  been  uni formed(Fig.4) . 


* 


£  21111  :uQ  0  100  :.’rc 

Dictance  from  grain  boundary  (nm) 

Fig, 3  (A)  Bright  field  STEM  and  SEM  micrographs 
of  the  sample  sintered  at  900*C  for  10  minutes 
(B)  Cd  and  Bi  content  variation  from  grain  boundry 
to  grains. 

The  result  of  the  experimentof  dynamics  of  low 
temperature  sintering  is  illustrated  in  Fig. 5.  The  sin 
teiring  process  can  be  divided  into  three  stages.  In 
the  first  stage,  the  relationship  between  AL/L  and  t 
is  a  line  with  the  slop  of  1.04.  It  corresponds  to  the 
rearrange  of  particles  during  the  initial  stage  of 
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Fig. 4  (A)  SEM  micrograph  of  sample  sintered  at 
960*C  for  4  hrs  (3)  Cd  and  Bi  content  variation 
from  the  grain  boundary  to  grains 


sintering.  The  second  stage  is  a  line  with  a  slop  of 
0.3.  This  means  aL/L*C  t^'^.  It  is  commensurate  with 
the  mass  transport  process  of  solution  and  reprecipi¬ 
tation.  The  last  stage  is  a  line  with  the  slop  of  0. 
This  means  the  end  of  sintering  process  because  of  the 
seal  of  the  pores  remained  in  the  ceramics. 
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Fig. 5  Logarithm  of  linear  shrinkage  as  a  function 
of  logarithm  of  sintering  time  for  LBC-PZT  ceramics 


In  accordance  with  these  results,  the  mechanism 
of  low  temperature  sintering  of  LBC-PZT  ceramics  can  be 
derived,  that  is,  the  additives  melt  to  form  liquid  at 
low  temperature  and  they  are  rich  in  grain  boundaries. 
The  liquid  presented  in  ceramics  promote  the  densifica- 
tion  through  the  rearranging  of  particles.  After  that, 
the  ceramics  are  densified  further  by  the  mass  trans¬ 
port  process  of  solution  and  reprecipitation  and  the 
distribution  of  the  elements  in  the  ceramics  tends  to 
uniform.  At  last,  the  pores  remained  in  ceramics  are 
sealed  and  the  sintering  process  is  to  its  end.  Because 
there  are  not  any  harmful  impurities  in  the  additives, 
the  electromechanical  properties  of  LBC-PZT  ceramics 
almost  has  no  change. 


Conclusion 


A  small  amount  of  Li20-Bi202-Cd0  can  be  employ¬ 
ed  as  ideal  additives  for  B-feT  ceramics.  LBC  will  melt 
to  form  liquid  at  low  temperature  and  promote  the  den- 
sification  of  ceramics.  A  mass  transport  process  of 
solution  and  reprecipitation  make  the  elements  distri¬ 
bution  uniform.  Because  there  are  not  any  harmful  im¬ 
purities  in  LBC,  there  is  little  influence  on  electro¬ 
mechanical  properties. 
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Abstract 


Results  and  discussion 


Dielectric,  pyroelectric  and  piezoelectric  proper¬ 
ties  of  ceramics  in  the  HIN-PT-PZN  system  have  been 
studied  as  a  function  of  PT  and  PZN  content  for  comp¬ 
ositions  near  the  morprfiotropic  phase  boundary (PMN-PT). 
The  dielectric  constant  and  loss  of  poled  ceramic  sa¬ 
mples  were  determined.  E^roelectric  coefficient  and 
electromechanical  coupling  factor  are  observed  on  va¬ 
rious  compositions.  The  transition  temperature  and 
peak  temperature  of  the  ceramics  decreased  gradually 
with  the  addition  of  PZN,  their  rates  of  decrease  are 
about  5-7‘’C/mol%.  The  addition  of  PZN  to  the  IMN-PT 
relaxor  ferroelectric  system  resulted  in  slightly  re¬ 
duced  the  dielectric  constcint.  Further  addition  of 
PZN  could  be  used  to  shift  the  Tc  downward  without  si¬ 
gnificantly  changing  the  electrical  behavior. 

Introduction 

Lead  magnesium  niobate  Pb(Mgl/3Nb2/3  )03  (hereaft¬ 
er  designed  PMN)  is  a  ferroelectric  material  with  a 
partially  disordered  perovskite  structure.  It  under¬ 
goes  a  diffuse  phase  transition  near  -15t).  In  the  Pb 
(Mg l/3Nb2/3 )03-PbTi03  (PMN-PT)  system,  a  morphotro- 
pic  phase  boundary(MPB)  exists  between  the  rhombohed- 
ral  and  tetragonal  phase,  near  35tnol%  of  PT.1"2  Pol¬ 
ycrystalline  with  compositions  near  MPB  extremely  sh¬ 
ow  large  dielectric,  piezoelectric  and  pyroelectric 
coefficient.  Pb(Znl/3Nb2/3 )03  (PZN)  is  also  a  pro¬ 
mising  candidate  material  for  electrostricive  microp- 
ositioners3. 

The  present  work  was  undertaken  to  investigate 
the  dielectric,  pyroelectric  and  piezoelectric  prope¬ 
rties  of  ceramics  with  perovskite  structure  in  the 
PMN-PT-PZN  ternary  system. 

Experimental  procedure 

The  compositions  selected  for  the  present  study 
were  of  the  type  (l-x-y)PMN-xPT-yPZN  with  x  varying 
between  0.05  and  0.35  and  y  varying  from  0.025  to  0.3i 
Ceramic  samples  (reagent  grade  powders)  across  the  IfK 
-PT-PZN  series  were  prepared  by  using  the  columbite 
precursor  method  as  described  by  Swartz  and  Shrout'^. 
Completion  of  the  reactions  was  verified  using  X-ray 
diffraction  as  well  as  to  determine  the  appropriate 
structure. 

The  dielectric  properties  were  measured  with  an 
HP  multi-frequency  LCR  meter.  The  dielectric  constant 
and  dissipation  factor  were  measured  as  a  function  of 
temperature  at  various  frequencies  between  0.1  and 
lOOkHz  at  a  temperature  rate  of  A^C/min.  The  pyroele¬ 
ctric  coefficient  was  measured  by  the  static  Byer-Ro- 
undy  method 5  as  the  samples  were  heated,  again  at  rate 
of  A^C/min,  through  the  phase  transition  region.  Prior 
to  the  dielectric,  pyroelectric  and  piezoelectric  me¬ 
asurements,  the  specimens  were  poled  by  applying  a  DC 
field  of  about  15  kV/cm  while  cooling  from  well  above 
the  transition  to  a  temperature  well  below.  Electro¬ 
mechanical  coupling  factor  w^  measured  by  using  re¬ 
sonance  -antiresonance  method”. 


Dielectric  properties 

Figure  1  shows  typical  plot  of  the  dielectric  co¬ 
nstant  and  the  dissipation  factor  at  various  freque¬ 
ncies  (0.1  to  ICX)  kHz)  for  composition  0.75Pf®J-0.20 
PT-0.05PZN.  The  transition  temperature  increases  with 
increasing  frequency  as  shown  in  Figure  1.  Most  of  the 
compositions  show  a  diffuse  phase  transiticai  with  a 
strong  frequency  dispersion.  It  is  characteristic  of 
relaxor  ferroelectric  materials. 


20  0.75PMN-0.26PT-0.05PZmO ’0 

^  poiing  :  DC  16  kV/cm 


TeMPERATURE(<>C) 


Figure  1.  Temperature  dependence  of  the  dielectric 
constant  and  the  dissipation  factor  as  a  function  of 
frequency  for  0.75PMN-0.20PT-0.05PZN, 


The  dielectric  constant  vs.  temperature  behavior 
at  IkHz  is  shown  in  Figures  2  and  3  for  various  com¬ 
positions  across  the  0.60PMN-(0.A0-x)PT-xPZN  and  Q.75 
PMN-(0,25-x)PT-xPZN  solid  solution  series,  respecti¬ 
vely. 

The  transition  temperature  variation  of  dielect¬ 
ric  constant  as  a  function  of  composition  x  at  1  kHz 
is  shown  in  Figure  A.  The  transition  tenqjerature  de¬ 
creases  with  the  amount  of  PZN. 

In  the  compositions  with  the  same  of  PZN,  the  di¬ 
electric  constant  as  a  function  of  temperature  is  sh¬ 
own  in  Figure  5.  As  can  be  seen,  the  maximum  of  the 
dielectric  constant  increases  with  rising  x  until  x  = 
0.225.  In  the  region  x>  0.225  the  dielectric  consta¬ 
nt  decreases  with  increasing  x.  The  transition  tem¬ 
perature  variation  of  the  dielectric  constant  as  a  fu¬ 
nction  of  mole  fraction  of  PT  in  the  (0.90-x)IMN-xPT- 
O.IOPZN  series  at  1  kHz  is  shown  in  Figure  6.  In  the 
compositions  with  the  same  percentage  of  PZN,  the  tr¬ 
ansition  temperature  increases  with  the  amount  of  PT, 
their  rates  of  increase  are  about  5-6®C/mol%. 

Isoelectric  and  piezoelectric  properties 

Suitably  chosen  composition  in  the  (l-x-y)IW-xFr- 
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Figure  2.  Temperature  dependence  of  the  dielectric 
constant  as  a  function  of  the  mole  fraction  of  PZN  for 
0 . 60PMN- ( 0 . 40-x ) PT-xPZN . 


Figure  5.  Temperature  dependence  of 
constant  as  a  function  of  PT  for (0.90- 


0.76PMN-(0.26-x)PT-xPZM 
poling  :  DC  15  kV/cm 


(0.90-x)PMN-xPT-0.10PZN 
poling  :  DC  16  kV/cm 
f  ■  1  kHz 
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Figure  3.  Temperature  dependence  of  the  dielectric 
constant  as  a  function  of  the  mole  fraction  of  PZN  fcr 
0.75PMN-(0.25-x)PT-xPZN. 


Figure  6.  Variatim  of  the  traBiticri  tenpezai 
of  the  mole  fraction  of  PT  in  the  (0.9 
O.IOPZN  system. 


poling  :  DC  15  kV/cm 
f  ■  1  kHz 

0:0.60PMN-(0.40-x)PT-xPZNI 
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yPZN  solid  solution  showed  sharp  anoma 
mperature  dependence  of  their  pyroelec 
near  the  ferroelectric  transition  temp 
case  of  pure  PMN  the  transition  temper 
room  temperature.  With  an  addition  of 
transition  temperature  of  the  PMN-PT-P 
ably  adjusted  for  the  room  temperature 
and  piezoelectric  applications. 

Figures  7  and  8  show  the  pjyroelect 
as  a  function  of  temperature  for  vario 
mole  fraction  of  PZN  in  the  0.60PMN-(0 
and  0.75fWN-(0.25-x)PT-x  PZN  series,  r 
The  pyroelectric  coefficient  increases 
ing  the  mol%  of  PZN.  However,  the  pyr 
ficient  of  two  compesitions,  0.60FMN-( 


Figure  7.  Pyroelectric  coefficient  for  various  mole 
fraction  of  P2M  for  0.60PMN-(0.40-x)PT-xPZN  as  a  fun¬ 
ction  of  temperature. 


Figure  8.  Pyroelectric  coefficient  for  various  mole 
fraction  of  for  0.75PMN-(0.25-x)PT-xPZN  as  a  fun¬ 
ction  of  temperature. 


The  peak  temperature  of  pyroelectric  coefficient 
with  mole  fraction  of  PZN  in  the  0.60PMN-(0.A0-x)PT- 
xPZN  and  0.75PMN-(0.25-x)PT-  xPZN  is  shown  in  Figure9. 
The  peak  temperature  decreases  almost  linearly  as  the 
amount  of  PZN  in  the  composition  increases, their  rates 
of  decrease  are  about  5*^/11101%.  Figures  10,  11  and 
12  show  the  pyroelectric  coefficient  as  a  function  of 
temperature  for  various  values  of  the  mole  fraction 
of  PT  in  the  (l-x-y)PMN-xPT-yPZN  series.  As  can  be 
seen,  in  the  compositions  with  the  same  mol%  of  PZN, 
the  peak  temperature  increases  with  the  amount  of  PT. 
In  each  series  the  maximum  pyroelectric  coefficient 
is  observed  for  the  compositions  0.675PMN-0.225PT-0.10 
PZN,  0.725PMN-0.125PT-0.15PZN  and  0.70PMN-0,10PT-0.20 
PZN. 

Figure  13  shows  the  room  temperature  value  of  el¬ 
ectromechanical  coupling  factor,  Kp,  of  the  composi¬ 
tions  0.60PMN-(0.A0-x)PT-xPZN  and  0.75PMN-(0.25-x)PT 
-xPZN  series  as  a  function  of  mole  fraction  of  PZN. 

A  maximum  coupling  coefficient  was  found  at  the  com¬ 
positions  0.60PMN-0.15Pr-0,25PZN  and  0,75PMN-0.20PT- 
0.05PZN,  respectively.  The  foregoing  compositions 
are  in  good  agreement  with  those  exhibiting  maximums 
in  dielectric  constant  and  pyroelectric  coefficient. 


Figure  9.  Variation  of  the  peak  temperature  as  a 
function  of  the  mole  fraction  of  PZN  in  the  FMN-PT- 
PZN  system. 


Figure  10.  Temperature  dependence  of  the  pyroelectric 
coefficient  as  a  function  of  the  mole  fraction  of  PT 
for  (0.90-x)PMN-xPT-0.10PZN  system. 


Figure  11.  Ten^jerature  dependence  of  the  pyroelectric 
coefficient  as  a  function  of  the  mole  fraction  of  PT 
for  (0.85-x)WlN-xPT-0.15PZN  system. 
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Figure  12.  Temperature  dependence  of  the  pyroelectric 
coefficient  as  a  function  of  the  mole  fra^'tion  of  PT 
for  (0.80-x)PMN-xPT-0.20PZN  system. 
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Figure  1,3.  Electromechanical  coupling  factor  as  a 
function  of  the  mole  fraction  of  PZN  at  the  room  tem¬ 
perature. 
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Conclusions 


The  addition  of  Pb(Zni/3Nb2/3X)3  to  thePMN-PT  re- 
laxor  ferroelectric  system  resulted  in  slightly  redu¬ 
ced  K  and  the  phase  transition  temperature  decreases 
with  the  amount  of  PZN.  Futher  additions  of  cou¬ 
ld  be  used  to  shift  the  Tc  downward  without  signifi¬ 
cantly  changing  the  dielectric  and  pyroelectric  beha¬ 
vior.  In  compositions  with  the  same  percentage  of 
PZN,  the  Tc  increase  with  the  amount  of  PT.  The  max¬ 
imum  electromechanical  coupling  factor  are  obtained 
in  the  compositions  with  the  maximum  dielectric  cons¬ 
tant. 
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Abstract 

Pyroelectricity  is  a  universal  property 
of  all  biological  systems,  although  its  source 
has  not  yet  been  determined.  In  this  work, 
the  voltage  and  time  dependencies  of  the 
pyroelectric  properties  of  wet  and  dry  bone 
(turkey  iemur)  were  investigated  using  the 
dynamic  pyroelectric  method  of  Chynoweth.  The 
current  generated  by  the  sample  had  both  real 
and  imaginary  components.  The  magnitude  of 
the  response  was  almost  the  same,  regardless 
of  which  sample  electrode  was  irradiated  with 
the  laser  beam,  but  the  signs  were  opposite. 
The  current  increased  up  to  several  orders  of 
magnitude  when  a  bias  DC  field  of  1000  V/cm 
was  imposed.  When  the  bias  field  was  switched 
off,  a  current  in  the  opposite  direction  with 
a  decay  time  of  tens  of  hours  was  measured. 
There  was  also  a  slow  decay  of  a  direct 
current  with  a  polarity  opposite  to  that  of 
the  bias  field.  In  conductivity  measurements, 
the  DC  varied  nonlinearly  as  the  1.5  power  of 
the  voltage.  When  the  samples  were  stored  in 
vacuum  at  lOO"  C  for  one  hour,  both  the 
pyroelectric  coefficient  and  the  conductivity 
decreased  by  several  orders  of  magnitude.  We 
conclude  that  the  pyroelectric  properties  of 
bone  depend  strongly  on  the  moisture  content 
and  thf.t  the  polarization  in  wet  bone  is  non- 
uniform.  The  polarization  appears  tc  be  due 
to  an  internal  field  at  the  interfaces  of  the 
solid  matrix  and  the  fluid  within  the  pores. 


Introduction 

Electrical  polarization  in  biological 
systems  is  determined  by  their  structure. 
There  is  much  evidence  of  its  importance  in 
physiological  processes.  The  pyroelectric 
effect,  first  observed  in  dried  bone  and 
tendon  by  Lang  [ 1 ] ,  has  been  studied  in  large 
numbers  of  biological  materials  [2].  It 
results  from  the  alignment  of  polar  organic 
molecules,  usually  proteins  such  as  collagen 
[3].  The  measurement  of  the  pyroelectric 
properties  of  materials  provides  a  convenient 
and  sensitive  means  for  investigation  of  the 
state  of  polarization.  a.n  addition,  the 
pyroelectric  effect  itself  appears  to  have 
biological  significance  [4;.  The  influence  of 
physiological  levels  of  moisture  has  not  been 
explicitly  considered  previously,  although 
some  effects  have  been  reported  [5-10].  The 
piezoelectric  effect,  which  is  closely  related 
to  the  pyroelectric  effect,  plays  an  important 
role  in  processes  of  bone  growth,  remodeling 
and  fracture  healing.  Its  different 
behavioral  mechanisms  in  moist  and  dried 
tissues  have  been  extensively  studied  [11-14]. 

In  these  experiments,  we  investigated  the 
pyroelectric  effect  in  both  physiologically 
moist  and  dry  bone.  The  effects  of  bias 
electric  fields  were  studied  and  dielectric 
properties  were  measured. 


Experimental  Procedures 

The  specimens  for  investigation  were  cut 
from  turkey  femur  by  a  water-cooled  saw  blade. 
The  samples  were  about  1  mm  in  thickness  and 
the  specimens  were  oriented  with  their  major 
faces  either  parallel  or  normal  to  the  long 
axis  of  the  bones.  After  cutting,  the  samples 
were  cleaned  and  air-dried.  Silver  paint  was 
used  as  an  electrode  material  with  a  thin 
layer  of  black  ink  to  increase  the 
absorptivity.  The  measured  absorptivity  of 
the  samples  for  632-nm  radiation  was  about 
96% . 

The  pyroelectric  effect  was  measured  with 
the  dynamic  method  of  Chynoweth  [15],  in  which 
the  sample  is  heated  with  a  modulated  beam  of 
radiation  and  the  generated  voltage  or  current 
is  measured.  The  apparatus  is  shown  in  Fig. 
1.  The  radiation  from  a  35-mW  He-Ne  laser  was 
modulated  by  means  of  a  light  chopper.  A 
current  amplifier  was  used  for  amplification 
of  the  pyroelectric  current,  and  the  amplifier 
analog  output  was  input  to  a  lock-in  amplifier 
whose  reference  voltage  was  taken  from  the 
light  chopper.  Both  real  and  imaginary 
components  of  the  current  were  determined. 
The  measured  values  are  referred  to  as  AC 
(alternating  current)  in  the  discussion  below. 
In  some  experiments,  a  DC  bias  voltage  was 
applied  during  measurements  by  means  of  a  high 
voltage  supply.  The  direct  current  (referred 
to  as  DC  below)  was  measured  by  a  digital 
electrometer.  The  dielectric  constant  and 
loss  tangent  of  the  samples  were  determined  by 
means  of  the  lock-in  amplifier. 
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fig-  1-  Experimental  apparatus  for 
measurement  of  pyroelectric  properties  of 
bone . 
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Dry  samples  were  prepared  by  placing  the 
physiologically  moist  samples  in  a  vacuum  at 
lOO'C.  The  samples  lost  about  10%  in  weight 
and  the  currents  measured  in  the  Chynoweth 
experiment  reached  steady  values  after  about 
an  hour  of  drying.  The  weight  and 
pyroelectric,  dielectric  and  conductivity 
properties  could  be  restored  to  approximately 
their  original  values  by  storing  the  dry 
samples  in  deionized  water  for  about  24  hours. 


Both  real  (in-phase  with  the  laser 
illumination)  and  imaginary  (out-of -phase) 
components  of  an  AC  were  observed  for  moist 
bone.  The  absolute  values  of  the  components 
increased  by  four  to  five  orders  of  magnitude 
for  bias  fields  of  about  2000  V/cm  as  shown  in 
Fig.  2.  A  bias  field  of  only  1  V/cm  was 
sufficient  to  develop  a  magnitude  of  current 
equivalent  to  that  of  an  unbiased  sample.  A 
large  DC  due  to  conduction  was  also  measured 
with  the  imposed  bias  field,  as  shown  in  Fig. 
3.  The  conductivity  behavior  was  nonlinear, 
with  the  current  varying  approximately  as  the 
1.5  power  of  the  voltage.  The  signs  of  both 
AC  components  were  reversed  with  a  reversal  of 
the  bias  field.  The  magnitude  of  the  response 
was  almost  the  same,  regardless  of  which 
sample  electrode  was  irradiated  with  the  laser 
beam,  but  the  signs  were  opposite. 
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Fig.  2.  Dependence  on  bias  field  of  real 
and  imaginary  components  of  AC  generated  by 
moist  and  dry  bone  when  irradiated  by  the 
modulated  laser  beam.  Chopping  frequency 
was  5  Hz. 


The  observed  AC  was  not  solely  due  to  a 
pyroelectric  effect,  because  it  also  contained 
a  temperature  dependent  conduction  current. 
The  pyroelectric  current  of  a  homogeneous, 
thermally  thick  sample  having  thin  electrodes 
is  real  and  frequency- independent .  A 
thermally-modulated  conduction  current  is 
imaginary  and  inversely  proportional  to 
frequency.  The  frequency  behavior  did  not 
corresponc'  to  this  model,  as  shown  in  Fig.  4. 
This  was  due  to  a  phase  shift  in  the  current, 
resulting  from  two  sources:  (1)  a  large 
electrode  thermal  mass  and  (2)  a  long 
pyroelectric  relaxation  time.  A  related 
dielectric  relaxation  was  observed  in  the 
frequency  dependencies  of  the  dielectric 
constant  and  loss  tangent,  as  illustrated  in 
Fig.  5,  and  also  reported  previously  [16]. 
The  dielectric  properties  of  moist  bone 
appeared  to  have  a  Debye-type  dispersion  with 
saturation  of  the  dielectric  constant  below  10 
Hz. 
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Fig.  3.  Current-voltage  behavior  of  moist 
and  dry  bone. 
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Fig.  4.  Dependencies  of  real  and  imaginary 
components  of  AC  on  the  modulation 
frequency.  Bias  electric  field  was  1600 
V/cm. 


A  theoretical  model  was  developed  in 
order  to  separate  the  AC  into  pyroelectric  and 
thermally  modulated  conduction  current 
components.  The  model  was  based  upon  the 
following  assumptions:  (1)  the  pyroelectric 
effect  was  characterized  by  a  single 
relaxation  time;  (2)  the  conductivity  was 
temperature  dependent;  (3)  the  electrodes  had 
a  finite  thermal  mass;  and  (4)  the  sample  was 
thermally  thick.  The  model  was  fitted  to  the 
experimental  data  by  a  nonlinear  least  squares 
technique  to  determine  four  parameters;  (1) 
the  pyroelectric  coefficient;  (2)  the 
pyroelectric  relaxation  time;  (3)  the 
temperature  coefficient  of  the  conductivity; 
and  (4)  the  thermal  mass  of  the  electrodes. 
The  least  squares  fit  was  good  for  all  levels 
of  the  bias  fields.  It  was  less  satisfactory 
for  the  measurements  with  no  bias  field 
because  of  nonuniformities  in  the  polarization 
distribution  of  the  samples  [17,  18].  The 
pyroelectric  relaxation  time  was  about  0.01 
sec,  which  is  of  similar  magnitude  to  the 
relaxation  time  of  the  dielectric  constant  of 
Fig.  5.  However,  the  latter  apparently 
contains  a  wide  spectrum  of  relaxation  times. 
The  electric  field  dependence  of  the 
calculated  pyroelectric  coefficient  is  shown 
in  Fig.  6.  The  coefficients  attain  extremely 
large  values  for  small  bias  fields,  exceeding 
the  pyroelectric  coefficients  of  the  best 
ferroelectric  materials  by  an  order  of 
magnitude  [19]. 
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Fig.  5.  Frequency  dependenci''  of 

dielectric  constant  and  loss  tangent  of 
moist  and  dry  bone. 


After  the  bias  field  was  turned  off,  the 
real  and  the  imaginary  AC  components  and  the 
DC  reversed  signs  and  decayed  to  the  non-bias 
state  slowly,  requiring  about  10-20  hours  at 
ambient  temperature.  This  is  illustrated  in 
Fig.  7.  The  DC  component  was  a  discharge 
current,  possibly  resulting  from  electric 
fields  produced  at  solid-fluid  interfaces 
within  the  bone  [11-13].  The  AC  consisted  of 
components  due  to  pyroelectricity  and  to 
thermal  modulation  of  the  DC  component.  The 
AC  and  the  DC  decayed  at  the  same  rate,  which 
indicates  that  they  have  a  common  origin. 
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Fig.  6.  Dependence  of  pyroelectric 
coefficient  of  moist  bone  on  bias  field. 
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Fig.  7.  Decay  of  AC  and  DC  of  moist  sample 
after  bias  field  was  switched  off  and 
electrodes  were  short  circuited. 


This  suggests  that,  when  no  external  bias  is 
applied,  an  internal  bias  field  produces  the 
much  higher  pyroelectric  coefficient  of  moist 
bone  as  compared  to  dry  bone . 

The  imaginary  component  of  the  AC  for 
dry  samples  was  almost  zero,  and  the  real 
component  was  essentially  independent  of  bias 
field,  as  shown  in  Fig.  2.  Consequently,  the 
real  component  is  almost  entirely  due  to  a 
pyroelectric  effect.  The  induced  AC  of  moist 
bone  at  the  highest  bias  field  was  6  orders  of 
magnitude  greater  than  that  of  the  dry  bone, 
and  the  DC  conductivity  of  the  wet  bone  was  4- 
6  orders  of  magnitude  higher  (Fig.  3).  The 
dielectric  constant  and  loss  tangent  of  the 
dry  bone  were  much  smaller,  and  the  frequency 
dependence  weaker  than  those  of  the  moist 
bone,  as  illustrated  in  Fig.  5. 
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The  differences  in  the  behavior  of  the 
moist  and  dry  bone  depend  upon  the  bonding 
between  the  collagen  of  the  bone  and  water. 
These  bonds  are  very  weak  as  shown  by  the  ease 
of  evaporation  of  water  from  the  bone  by 
vacuum  at  ambient  temperature.  The  strong 
dependence  of  the  pyroelectric  coefficient  of 
moist  bone  on  the  bias  electric  field  is 
caused  by  the  orientational  mobility  of  the 
water  molecules  with  their  large  dipole 
moments.  By  contrast,  the  large  polar 
collagen  molecules  cannot  be  easily 
reoriented,  and  the  pyroelectric  coefficient 
of  dry  bone  is  field-independent.  The 
dielectric  properties  show  similar  effects. 
The  dielectric  constant  of  moist  bone  is  large 
and  shows  significant  frequency  dispersion 
because  of  the  mobility  of  the  water 
molecules,  but  the  dried  material  has  a  low 
dielectric  constant  and  little  frequency 
dependence . 

The  complex  heterogeneous  structure  of 
bone  makes  a  quantitative  interpretation  of 
the  results  difficult.  However,  the  strong 
sensitivity  of  the  pyroelectric  effect  to 
small  bias  fields  and  the  presence  of  many 
sources  of  fields  in  living  biological  systems 
suggests  that  this  effect  may  be  of  major 
biological  significance. 


We  thank  the  Israel  Ministry  of 
Absorption  and  the  Basic  Research  Foundation 
of  the  Israel  Academy  of  Sciences  and 
Humanities  for  the  support  of  this  research. 


References 

[1]  S.  B.  Lang,  "Pyroelectric  effect  in  bone 
and  tendon,"  Nature .  vol.  212,  pp. 
704-705,  1966. 

[2]  S.  B.  Lang,  "Pyroelectricity:  Occurrence 
in  biological  materials  and  possible 
physiological  implications," 
Ferroelectrics .  vol.  34,  pp.  3-9,  1981. 

[3]  H.  Athenstaedt,  "Pyroelectric  and 
piezoelectric  properties  of  vertebrates," 
Ann.  W.Y.  Acad.  Sci . .  vol.  238,  pp. 
68-94,  1972. 

[4]  H.  Athenstaedt,  "Epidermis  of  animals  and 
plants  as  a  pyroelectric  detector  and 
transducer,"  Jpn.  J.  Appl .  Phys. 
(Suppl . ) .  vol.  24-2,  pp.  302-304,  1985. 

[5]  H.  Athenstaedt,  "Pyroelectric  behaviour 
of  integument  structures  and  of  thermo-, 
photo-  and  mechanoreceptors , "  Anat . 
Entwickl.-Gesch. .  vol.  136,  pp.  249-271, 
1972. 

[6]  H.  Athenstaedt,  "Pyroelectric 
polarization  in  cells,  tissues  and  organs 
of  plants,"  Z.  Pf lanzenphysiol .  .  vol.  68, 
pp.  89-91,  1972. 


[7]  S.  B.  Lang  and  H.  Athenstaedt,  "Anomalous 
pyroelectric  behavior  in  the  leaves  ot 
the  palm-like  plant  EncephaJartos 
Villosus,"  Ferroelectrjcs ,  vol.  17,  pp. 
511-519,  1978. 

18)  M.  Simhony  and  H.  Athenstaedt, 
"Measurement  of  the  pyroelectric 
coefficient  and  permittivity  on 
rhododendron  and  encephalartos  leaves  and 
on  the  insect  Periplaneta  Americana, " 
Biophys.  J. .  vol.  29,  pp.  331-338,  1980. 

[9]  H.  Athenstaedt  and  H.  Ciaussen,  "Evidence 
for  pyroelectric  and  piezoelectric 
sensory  mechanisms  in  the  insect 

integument,"  Biophys . _ vol.  35,  pp. 

365-374,  1981. 

[10]  H.  Athenstaedt,  H.  ciaussen  and  D. 
Schaper,  "Epidermis  of  human  skin: 
Pyroelectric  and  piezoelectric  sensor 
layer,"  Science .  vol.  216,  pp.  1018-1020, 
1982. 

[11]  D.  A.  Chakkalakal,  "Mechanoelectric 
transduction  in  bone,"  J .  Mater .  Res .  . 
vol.  4,  pp.  1034-1046,  1989. 


(12)  S.  Singh  and  J.  L.  Katz,  "Electro¬ 
mechanical  properties  of  bone:  A  review," 
J.  Bioelectr..  vol.  7,  pp.  219-238, 
1988-89. 

(13)  G.  W.  Hastings  and  F.  A.  Mahmo 
"Electrical  effects  in  bone,"  J.  piomed. 
Eng. .  vol.  10,  pp.  515-521,  1988. 

(14)  G.  W.  Hastings  and  F.  A.  Mahmud,  "The 
electromechanical  properties  of 
fluid-filled  bone:  A  new  dimension,"  Jj. 

Matec... _ JlateiL, _ vol.  2,  pp. 

118-124,  1991. 

(15)  A.  G.  Chynoweth,  "Dynamic  method  for 
measuring  the  pyroelectric  effect  with 
special  reference  to  barium  titanate," 
AdpI .  Phys . .  vol.  27,  pp.  78-84,  1956. 

[16]  J.  D.  Kosterich,  K.  R.  Foster  and  S.  R. 
Pollack,  "Dielectric  permittivity  and 
electrical  conductivity  of  fluid 
saturated  bone , "  IEEE  Trans.  Biomed. 
Ena. .  vol.  BME-30,  pp.  81-86,  1983. 

[17]  N.  M.  Bezdetny,  V.  E.  Khutorsky  and  A.  K. 
Zeinally,  "Polarization  distribution  in 
ferroelectrics  calculated  by 
regularization  method  from  pyroelectric 
measurements,"  Ferroelectrics .  vol.  46, 
pp.  267-273,  1983. 

[18]  S.  B.  Lang,  "Laser  intensity  modulation 
method  (LIMM):  Experimental  techniques, 
theory  and  solution  of  the  integral 
equations,"  Ferroelectrics .  vol.  118,  pp. 
343-361,  1991. 

[19]  H.  E.  Lines  and  A.  M.  Glass,  Principles 
and  Applications  of ..  fecreeiec tcics_  and 
Related  Materials.  Oxford:  Clarendon 


Press,  1977. 


A  PLZT  OPTICAL  PHASE  MODULATOR  AND  ITS  APPLICATIONS 

Felling  Wang  and  Gene  H.  Haertling 
Department  of  Ceramic  Engineering 
Clemson  University 
Clemson,  South  Carolina  29634-0907 


An  electrooptic  phase  modulator  was  designed 
and  fabricated  by  using  the  quadratic  electrooptic  effect 
of  PLZT  ceramic  of  composition  10/65/35.  The  modulator 
can  be  operated  at  either  the  fundamental  or  double 
frequency  of  the  AC  signal  driver.  The  modulator 
proved  effective  as  a  phase  modulation  device  in  a  phase - 
detection  measurement  of  small  birefringent  shift  of 
thin  film  materials.  The  principles  for  such  usage  are 
discussed. 

Introduction 

Relaxor  ceramic  materials  in  the  (Pb.LaKZr,  TDOa 
(PLZT)  system  are  known  to  possess  strong  quadratic  or 
slim-looped  transverse  electrooptic  effects l.  The 
applications  of  the  materials  in  optical  area  have  been 
found  in  light  shutters,  spatial  light  modulators,  second 
harmonic  generation  as  well  as  waveguide  devices  such 
as  total  internal  reflection  switches^-^.  Although  single 
crystal  materials  that  possess  linear  electrooptic  effects 
such  as  LiNbOa  and  KDP  have  traditionally  been  the 
primary  material  group  for  optical  phase  modulation, 
polycrystalline  PLZT  ceramics  which  possess  quadratic 
electrooptic  effects  can  also  be  used  as  optical  phase 
modulation  media.  In  this  report,  an  optical  phase 
modulator  made  from  a  hot-pressed  PLZT  ceramic  is 
presented.  The  application  of  the  modulator  in  a  phase- 
detection  technique  for  the  measurements  of  small 
optical  phase  retardation  in  thin  film  materials  is 
discussed. 

Design  and  Operation 

A  bulk  10/65/35  PLZT  wafer  was  chosen  as  the 
modulating  medium.  The  material  was  made  with  a 
hot  pressing  process  using  stoichiometric  powder 
derived  from  a  water-soluble  precursor.  The  material 
was  transparent  and  showed  typical  dielectric  properties 
for  the  material  in  this  composition,  i.e.  high  dielectric 
constant  and  very  slim  hysteresis  loop.  The  electrooptic 
characterization  showed  that  the  dependence  of  the 
birefringence  shift  on  the  external  electric  field  was 
primarily  quadratic,  as  presented  in  Figure  1.  The 
thickness  of  the  PLZT  wafer  was  0.5  mm  (20  mil)  with 
both  sides  being  optically  polished.  To  accommodate  the 
ac  driving  signal,  copper  planar  electrodes  were 
fabricated  on  one  side  of  the  material  by  a 
photolithography  technique  The  electrode  gap  width 
was  50  pm,  which  allowed  a  light  beam  to  pass  the 
device  without  a  special  focusing  effort.  An  ac  electric 
signal  of  adjustable  amplitude  was  fed  to  the  electrode 
pair  to  drive  the  modulator.  In  addition,  an  adjustable 
dc  bias  was  also  applied  to  the  modulator. 


Figure  1  The  electrooptic  response  of  a  10/65/35  PLZT 
ceramic,  measured  by  means  of  phase-detection 
scheme.  The  Y  axis  is  proportional  to  sinF  with  F 
being  the  optical  phase  shift  due  to  the  birefringence 
of  the  material. 


Under  sufficiently  small  external  field,  the  field- 
induced  birefringent  shift  of  the  material  can  be 
expressed  as  a  quadratic  function  of  the  applied  field: 

An  =  constant  (Eb  +  E  sinDt)^  ,  ( 1 ) 

where  Eb  is  the  field  strength  of  the  dc  bias,  D  is  the 
frequency  of  the  ac  driving  electric  field.  It  is  obvious 
that  under  a  non-zero  bias  field,  the  phase  shift 
generated  by  the  modulator  contains  both  D  and  2D 
components.  By  adjusting  the  bias  field  Eb,  the  relative 
amplitude  of  D  and  2D  components  can  be  altered.  The 
function  of  the  bias  field  in  changing  the  primary 
modulating  frequency  is  illustrated  in  Figure  2  where 
function  F(t)  is  the  phase  retardation  produced  by  the 
modulator. 

To  visualize  the  phase  modulating  function  of  the 
modulator  and  the  interchange  of  the  modulating 
frequency  with  the  bias  electric  field,  the  modulator  was 
sandwiched  between  two  crossed  polarizers  with  the 
modulation  axis,  the  direction  of  the  applied  electric 
field,  being  oriented  at  45  degree  angle  with  respect  to 
the  polarization  direction  of  the  polarizer.  With  such  a 
arrangement  the  polarization  state  of  the  originally 
linearly  polarized  light  beam  was  periodically  changed 
due  to  the  phase  shift  F(t)  imposed  by  the  modulator. 
The  intensity  of  the  light  output  I(t)  is  given  by: 

I(t)  =  B  sin2[F(t)/2]  =  B  sin2[A(Eb  +  E  sinDt)2] ,  (2) 
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where  A  and  B  are  two  system  constants.  The  waveform 
of  the  light  intensity  given  by  Equation  (2)  is  graphically 
analyzed  in  Figure  2.  As  shown  by  the  figure,  the 
modulation  is  p''rely  2f2  in  frequency  at  zero  bias  and 
gradually  become  i  dominated  by  the  ii  component  with 
the  increase  of  the  bias  electric  field. 


Figure  2  A  graphic  analysis  of  the  operation  modes 
of  the  PLZT  phase  modulator  with  and  without  dc 
bias  field. 


According  to  Equation  (1),  the  modulation  always 
contains  a  2Q  component  although  its  relative 
magnitude  becomes  very  small  compared  to  the 
component  when  a  sufficient  bias  field  is  applied.  A 
pure  D  modulation  mode  can  actually  be  achieved  by 
using  the  saturation  behavior  in  the  electrooptic 
response  of  the  material.  The  saturation  behavior  of  the 
electrooptic  response  in  PLZT  materials  have  been 
observed'*’^.  In  the  presence  of  such  saturation,  the 
quadratic  relation  for  the  field-induced  birefringence  is 
no  longer  adequate;  higher  order  terms  or  entirely  new 
functional  dependence  needs  to  be  used.  In  the 
electrooptic  response  curve  that  shows  saturation 
behavior,  there  mv  t  be  a  point  where  the  second 
derivative  of  the  cu  is  zero.  If  a  bias  electric  field  is 
applied  to  this  point,  the  modulation  will  be  purely  Q  in 
frequency. 

In  practice,  only  a  fairly  low  bias  field  is  needed  in 
order  for  the  modulation  at  2t2  frequency  to  become 
insignificant  compared  to  the  component.  Figure  3 
shows  the  waveforms  of  the  light  output,  recorded  by  an 


oscilloscope,  from  the  second  polarizer  with  the  PLZT 
modulator  driven  by  a  IkHz  ac  signal  operating  under 
various  dc  bias  voltage.  The  square  waves  in  the 
pictures  are  the  trigger  signal  synchronized  with  the  ac 
driving  voltage.  As  expected,  the  modulation  was 
purely  2C2  in  frequency  under  zero  bias  and  eventually 
became  dominated  by  ft  frequency  components  under  a 
bias  voltage  of  150  volts.  Components  of  both  frequencies 
are  clearly  represented  under  an  intermediate  bias,  as 
shown  by  Figure  3(b).  The  relative  amplitude  of 
modulation  at  both  frequencies  as  functions  of  the  dc 
bias  was  measured  by  a  lock-in  amplifier  synchronized 
with  the  driving  function  generator.  As  shown  in 
Figure  4,  with  the  increase  of  the  dc  bias  voltage,  the 
amplitude  of  the  2ft  component  decreased  while  the  ft 
component  increased.  Under  a  bias  voltage  of 
approximately  120  volts  the  2ft  component  becomes  zero 
while  the  ft  component  approaches  a  maximum. 
Under  this  bias  voltage,  the  PLZT  modulator  provides 


Figure  3  The  waveforms  of  the  output  light 
modulated  by  the  PLZT  phase  modulator  operated 
under  (a)  bias=0V,  (b)  bais=20V  and  (c)  bias=150V. 
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Figure  4  The  Q  and  2n  frequency  components  in  the 
light  modulated  by  the  PLZT  phase  modulator  plotted 
as  functions  of  the  bias  voltage. 

the  same  modulation  as  that  from  a  traditional 
modulator  utilizing  the  linear  electrooptic  effect  of  single 
crystals,  except  that  there  is  a  constant  phase  shift.  The 
constant  phase  shift  can  be  compensated  with  an  optical 
compensator  in  applications  where  it  is  not  desirable. 
Much  lower  ac  driving  voltages  are  needed  to  achieve  the 
same  phase  modulation  depth  for  the  PLZT  modulator 
than  for  traditional  modulators  because  of  the  strong 
quadratic  electrooptic  effect  in  the  PLZT  ceramic. 


The  PLZT  phase  modulator  has  been  successfully 
used  as  a  phase  modulation  device  in  a  phase-detection 
scheme  for  the  measurement  of  small  birefringences  of 
thin  film  materials.  The  optical  arrangement  for  such 
application  is  shown  in  Figure  5.  The  PLZT 
compensator  together  with  an  optical  compensator  and 
the  sample  to  be  measured  are  sandwiched  between  two 
crossed  polarizers.  The  modulating  axis  of  the 
modulator  is  oriented  45  degrees  with  respect  to  the 
polarizer  but  parallel  (or  perpendicular)  to  the  principle 


optical  axes  of  the  sample  determined  by  the  direction  of 
the  external  electric  field.  The  purpose  of  the 
compensator  is  to  compensate  the  constant  phase  shift 
generated  by  the  modulator  and  to  calibrate  the  system. 

With  the  PLZT  phase  modulator  being  driven  by 
an  ac  signal  of  frequency  il  under  zero  bias,  the  total 
phase  retardation  for  the  light  polarized  along  the 
modulating  axis  consists  of  contributions  from  all  three 
components,  namely,  modulator,  compensator  and 
sample; 

r  =  Pmod.  +  Pcomp.  +  Fgamp.  (3) 

As  been  previously  pointed  out,  the  electrooptic  effect  of 
PLZT  materials  exhibits  high  order  field  dependence 
and  saturation  behavior  in  some  circumstances.  The 
phase  modulation  produced  by  the  PLZT  modulator, 
therefore,  should  be  expressed  by  the  following  Fourier 
series: 

ee 

Fmod-it)  =  constant  +  Cnisin2mf2t ,  (4) 

m=l 

where  coefficient  Ci  is  proportional  to  the  quadratic 
electrooptic  coefficient  of  the  PLZT  modulating  medium; 
C2  is  proportional  to  the  quartic  electrooptic  coefficient, 
etc.  Although  in  most  instances  only  Ci  needs  to  be 
considered,  the  whole  summation  in  Equation  (4)  is 
retained  for  the  strictness  of  the  following  discussion. 

By  adjusting  the  compensator,  the  constant  in 
Equation  (4)  can  be  eliminated;  therefore  we  have 

00 

nt)  =  ^  CniSinZmfit  +  Fsamp.  (5) 

m=l 

The  light  intensity  detected  by  the  photomultiplier  tube 
(PMT)  is  therefore  given  by 


Figure  5  The  optical  arrangement  in  a  phase- 
detection  scheme  using  the  PLZT  modulator  as  a 
phase  modulating  device. 
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I(t)  =  IoSin2(r/2) 


=  (Io/2)[l  +  C08(  ^  Cm8in2nitit  +  Fsamp.)]-  (6) 
m=l 


If  the  reference  signal  of  the  lock-in  amplifier  is  chosen 
as  sin2f2t,  the  output  signal  of  the  lock-in  amplifier,  S,  is 
proportional  to  the  amplitude  of  the  sin2nt  term  in  the 
Fourier  expansion  of  Equation  (6),  that  is 


S  =  D  J  I(t)  sin2Qt  dt 


=  D  I  cos(  Cmsin2mf2t  rgamp,)sin2f2t  dt  (7) 


m=l 


where  D  is  a  system  constant.  It  can  be  shown  that  the 
above  integration  is  approximately  given  by 


S  =  D  Ji(Ci)  sinFgamp. 


(8) 


where  Ji  is  the  Bessel  function  of  the  first  order.  With  a 
fixed  driving  signal  amplitude,  Ci  is  a  constant;  the 
output  signal  from  the  lock-in  amplifier  therefore  is 
proportional  to  the  phase  retardation  generated  by  the 
sample,  namely,  Fsamp.-  Moreover,  in  detecting  the 
electrooptic  effect  of  thin  film  materials,  the  phase 
retardation  of  the  sample  is  usually  very  small  so  that 
the  output  from  the  lock-in  amplifier  becomes  directly 
proportional  Fgamp.  while  the  proportional  constant  can 
be  determined  by  the  compensator. 


With  the  PLZT  phase  modulator,  the  above 
scheme  has  proven  an  effective  way  of  detecting  very 
small  phase  retardations  produced  by  electrooptic  effects 
in  thin  film  materials.  As  an  example,  Figure  6  shows 
the  birefringence  versus  E-field  curve  of  a  2/55/45  thin 


Figure  6  The  birefringence  versus  E-field  curve  for  a 
2/55/45  PLZT  thin  film  of  0.5  pm  thickness  sputter- 
deposited  on  a  fused  silica  substrate,  measured  with 
the  phase-detection  scheme  using  the  PLZT  phase 
modulator. 


film  of  0.5  pm  thick  grown  on  a  fused  silica  substra’ s, 
measured  with  the  above  phase-detection  system  under 
zero- bias  mode. 

When  an  appropriate  bias  field  is  applied,  the 
modulation  becomes  predominated  by  the  Cl  component. 
With  the  reference  signal  of  the  lock-in  amplifier  set  at 
sinfit,  the  above  measuring  system  functions  similarly 
as  in  the  zero-bias  mode. 

Conclusions 

An  optical  phase  modulator  was  made  by  using 
the  quadratic  electrooptic  effect  of  a  hot-pressed  PLZT 
ceramic.  The  device  can  be  operated  in  a  zero-bias  mode 
which  provides  a  modulation  at  double  the  frequency  of 
the  driving  signal.  When  an  appropriate  bias  is  applied, 
the  modulator  provides  a  modulation  dominated  by  the 
component  at  the  frequency  of  the  driving  signal. 
Application  of  the  PLZT  modulator  has  been  found  in  the 
phase-detection  scheme  for  the  measurement  of  very 
small  birefringence  in  thin  film  materials. 
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MODEL  OF  ELECTltOOPTIC  EFFECTS  BY  CBEEN  FUNCTION  AND  SUMMABY 
REPRESENT ATION:APPLlCATIONS  TO  BULK  AND  THIN  FILM  PLZT  DISPLAYS  AND 
SPATIAL  LIGHT  MODULATORS 
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Field  distributions  and  electrooptic  effects  in  ceramic  bulk  and  thin  film  materials  have  been 
calculated  using  summary  representation  method.  The  method  has  been  used  to  treat  problems 
in  PLZT  bulk  and  thin  film  displays/spatial  light  modulators. 


Introduction 

For  the  purpose  of  understanding  the  electrooptic  effects  in 
electrooptic  single  crystals  or  ceramic  materials,  it  is  necessary  to 
know  the  optimum  field  distribution  and  the  accurate 
determination  of  electrooptic  parameters  including  the  half-wave 
voltage  applied  so  that  accurate  electrooptic  coefficients  can  be 
obtained.  For  this  purpose,  we  have  used  three  computational 
methods:  Green  function,  iteration,  and  summary  representation. 
The  methods  of  Green  function  and  iteration  are  familiar  to 
trained  researchers,  but  the  method  of  summary  representation  is  a 
rather  new  method  and  we  will  explain  its  fundamental  concept 
and  demonstrate  its  powerful  use.  The  results  of  our  analysis  of 
electrical  field  distribution  and  electrooptic  effects  in  PLZT  will 
be  presented.  The  general  concept  and  method  can  be  applied  to 
other  dielectric  or  electrooptic  materials. 

The  Method  of  Summary  Representation 

The  technique  for  solving  Laplace's  equation  in  finite  difference 
form  in  a  rectangular  region  known  as  the  method  of  summary 
representation  allows  the  numerical  values  of  the  potentials  along 
any  vertical  line  in  the  interior  of  any  material  to  be  immediately 
written  down  in  terms  of  simple  matrix  operations  providing  the 
potentials  on  the  boundaries  are  known.  Most  finite  difference 
techniques  result  in  a  large  system  of  simultaneous  equations 
which  must  be  solved.  The  technique  described  here  does  not 
require  any  solution  of  simultaneous  equations  which  means  that 
the  amount  of  calculation  required  to  obtain  numerical  solutions  to 
a  particular  problem  is  greatly  reduced.  Furthermore,  the 
technique  allows  the  computation  of  only  selected  points  on  a 
prescribed  topological  grid  so  that  complete  solution  at  all  the  grid 
points  is  not  required.  Polozhii  [I]  discusses  the  basic  theory  of 
this  technique  and  shows  how  to  apply  it  to  a  wide  variety  of 
partial  differential  equations.  Basically  what  Polozhii  has  done  is 
to  reduce  the  solution  of  the  Poisson’s  (Laplace’s)  equation  on  a 
prescribed  rectangular  grid  with  specified  boundary  conditions  to 
a  unique  set  of  values  which  are  determined  in  terms  of  unknown 
matrices  which  depend  upon  the  boundary  conditions.  This  is 
analogous  to  the  classical  separation  of  variables  technique  in 
which  the  solution  is  known  immediately  for  a  given  problem  in 
terms  of  a  Fourier  expansion  of  the  boundary  conditions.  The 
finite  difference  grid  employed  in  the  technique  is  rectangular  as 
shown  in  Figure  1.  The  spacing  between  horizontal  grid  lines  is 
AY  and  between  vertical  grid  lines  is  AX.  The  location  of  a 
particular  vertical  line  is  given  by  the  value  of  i  and  the  location 
of  a  particular  horizontal  line  is  given  by  the  value  of  k.  The  i=0 
and  i“im»x”nt+l  lines  are  the  vertical  boundaries  and  the  k»0  and 
the  k=kmmx=n+l  lines  are  the  horizontal  boundaries  of  the  region. 
The  boundary  conditions  used  here  consist  of  known  potentials 
along  these  boundary  lines.  Polozhii  describes  boundary 
conditions  which  contain  partial  derivatives  of  the  values  along  the 
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boundary.  The  solution  at  ail  the  interior  grid  points  is  expressed 
in  terms  of  an  n-element  vector,  U(i),  along  the  vertical  lines. 
For  all  the  situations  described  here,  it  will  be  assumed  that  the 
boundary  conditions  on  the  horizontal  lines  are  zero.  This  is  not  a 
fundamental  restriction,  but  is  done  to  simplify  the  expressions. 
The  geometry  of  the  grid  defines  the  following  terms  which 
appear  in  the  solution.  These  terms  come  from  the  solution  of  the 
second  order  difference  equation  which  describes  the  specific 
problem  in  question: 

T  •AX/AY^_5k=l+y{l-cos[k£An+l)]); 

Pk-nk+s/bk*-!;  Pk-rjk-v'nk^-l.  ^ 

The  solution  for  U(i),  in  terms  of  the  boundary  conditions  on  the 
two  vertical  lines  is  given  by: 

IU(i)HAi(i))lU(0)l  +lB,(i))lU(m+l)], 

[Al(i)]-[PJ[A(i)l[Pl, 

(Bi(i)HPJ(/9(i)J[PJ, 

v^(i)  -  (2-) 

8.,(i)  -  (l^‘  - 

P(i.k)  •yzTcaTuiialikv/tn-H)] 

The  P  matrix  or  P  transform  operation  is  an  nxn  square  matrix 
which  is  defined  in  such  a  way  that  [PKP1=[1)  and  lA(i)l  and  [^(i)) 
are  diagonal  matrices. 

As  previously  stated,  the  solutions  in  (2)  are  for  the  Laplace’s 
equation  in  a  region  where  there  are  zero  field  boundary 
conditions  on  the  horizontal  lines.  For  the  Poisson’s  equation  with 
non-zero  horizontal  boundary  conditions,  there  should  be  an 
additional  matrix  term  in  (2). 

Homogeneous  Interface 

We  will  analyze  the  case  that  there  is  one  interface  between  two 
regions  having  the  same  permittivity.  The  method  can  be  easily 
extended  to  case  where  there  is  non-homogeneous  interface.  In 
the  homogeneous  interface  case,  as  shown  in  Figure  2,  the  vertical 
line  is  labeled  as  number  i  in  region  1  and  numler  i’  in  region  2. 
The  interface  line  is  the  number  m+1  line  in  region  1  and 
number  0’  line  in  region  2.  Along  the  interface  line,  the 
continuity  of  the  potential  between  the  two  regions  is  assured,  but 
the'^e  is  an  additional  requirement,  that  is,  the  value  along  the  grid 
points  on  the  interface  must  satisfy  the  Laplace’s  equation  in  the 
finite  difference  form,  with  the  grid  points  along  the  two  vertical 
lines  immediately  adjacent  to  the  interface  lines.  Note  that  these 
two  lines  are  the  number  m  line  in  region  1  and  the  number  1’ 
line  in  region  2. 


The  formula  of  the  5-point  finite  difference  approximation  [2]  for 
the  Laplace’s  equation  can  now  be  written  down  explicitly, 
assuming  unequal  grid  spacings,  as  follow: 


i  uk  mtl  s' 


I  '.♦J — ! - hderface  lin* 

till 


I  I  I 
O’  I'  t’ 
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where  all  variables  are  defined  in  Figure  3.  For  the  case 
considered  here,  the  spacing  hj  and  hi  are  equal  and  is  the  same 
as  Y  defined  earlier.  By  choosing  hi  as  AXi  and  hj  as  AX2.  three 
values  of  T  can  be  defined  as 


71  -AXi/AY;  72  -AX2/AY;  73  -AX1/AX2. 

for  7i»72=l,  it  can  be  seen  that  (4)  reduces  to  the  standard  5- 
point  stencil  expression  for  the  Laplace's  equation.  Now  using  the 
[T]  matrix  defined  by  Polozhii,  equation  (4)  can  be  put  into  a 
matrix  form  relating  [U(0’)1,  [U(m)l  and  [U(l’)]; 

lU(a')l  «  (r^r,;J(lT^rj))(TJ(U(o')| 

»  Cr^tUfo)]  *  rj[U(l ' )  1 )/ 


Note  that  the  [T]  matrix  provides  the  coupling  to  all  the  elements 
along  the  interface  line. 

Nonhomogeneous  interface 

The  dielectric  discontinuity  between  region  1  and  2  requires 
a=£i/<2  and  the  continuity  of  the  normal  component  of  the  flux 
dinsity  for  £3U/3X  must  be  satisfied. 

The  Boundary  Values  for  Different  Interface 
We  assume  that  when  the  boundary  potential  of  a  rectangular 
region  is  known,  the  interior  potential  distribution  can  be  obtained 
and  that  once  the  boundary  values  are  fixed,  the  interior 
distribution  will  be  the  same  despite  of  the  materials  inside  the 
boundary.  We  also  assume  that  any  film  over-coated  on  the 
surface  of  PLZT  wafer,  whether  the  film  is  PLZT,  glass,  or  any 
other  high  permittivity  materials,  can  change  the  boundary 
potential  completely,  provideing  that  the  film  is  thicker  than  the 
thickness  of  electrodes.  Because  PLZT  wafer  is  much  thicker  than 
the  coated  film,  we  will  assume  that  the  film  can  only  change  the 
interface  potential  but  contribute  very  little  to  the  optical 
retardation. 

One  Layer  Electrodes  with  Nonhomogeneous  Interface 
Two  cases  will  be  considered: 

(1) .  Electrodes  on  one  side  of  the  wafer,  without  over-coated 
film,  and 

(2) .  Electrodes  on  one  side  of  the  wafer,  with  over-coated  film 
but  the  film  is  not  PLZT. 


We  now  define  the  symbols  shown  in  Figure  2  in  our  calculations: 

1:  the  thickness  of  PLZT. 

1’:  the  distance  from  the  interface  to  the  zero  potential  of 
the  vertical  boundary,  where  r=73l  and  73=100. 

[Xi)  and  [X2]:  interfacial  potential  for  the  {[kmax-II- 
element  vector) 


M  direction:  Calculated  from  the  interface  of  region  1  and 
region  2  to  another  interface  from  0  to  i„^.  i  lie  vertical  line 
next  to  the  interface  [Xj]  is  indicated  by  M-1,  and  the  vertical 
line  next  to  the  interface  [X2)  is  indicated  by  M-m=inuui-l. 

M’  direction:  in  order  to  simplify  the  calculation,  we  have 
chosen  the  point  number  in  the  M’  direction  the  same  as  the 
number  in  the  M  direction  from  0  to  ini„. 

k  direction:  calculated  from  the  top  horizontal  boundary  to 
the  bottom  horizontal  boundary  from  0  to  km.*. 

[Ai(m)l:  the  potential  of  the  vertical  line  in  region  2  next 
to  the  interface  [Xj]  at  M’=m. 

[Bj(m)):  the  potential  of  the  vertical  line  in  region  2  next 
to  the  interface  (XiJ  at  M=l. 

(Azfm)]:  the  potential  of  the  vertical  line  in  region  2  next 
to  the  interface  [X2)  at  M=m. 

[82(1)]:  The  potential  of  the  vertical  line  in  region  3  next 
to  the  interface  [X2]  at  M’=m. 

It  is  clear  that  (Ai(m)]=[Bi(l)]  and 

[Ai(l)HBi(m)l, 

(Ai(m)HBi(m)l[Xil, 

(Bi(  1  )]=[Ai(  I  )](X  iJ+(Bi(  I  )J[X2HBi(m)J(XiJ4Bi(  1  )](X2], 

lA2(m)HAi(m)]lXi]+[Bj(m)][X2]=(Bi(l)KXiHBi(m)][X2], 

[B2(l))=[Bi(m)lIX2], 

(XiHa/(7s+at))[Ai(m)J+(7s/(7s+Q))[Bj(])J, 

[X2]=(73/(7S+Ql))[A2(m)]+(Qn/(73+Qi))(B2(l)], 

where  or»£i/e2,  and  <ii“£s/£3  and  £1  is  the  permittivity  of  air  or 
coated  film.  By  choosing  73=1  we  have 

[X2  W 1 A 1  +ai)){Bi(  1  )]{Xi  W I A 1  +ai))(B  j(m)]tX,]Aai  A 1  +ai)) 
(Bi(m)l[X2HlAl+o,))[Bi(l)][Xi]+[Bi(m))IX2], 

(X2HlAl+ai)){lI]-[Bi(m)))  >1Bi(1)1[XiHB111IXi1, 
IBllHlAl+a))([lHBi(m)])-l(Bi(l)J, 
[Xil=(oAl+Q))[Bi{m)][Xi)+(lAl+Q))[Bj(m))IXi)+(lAl+a))[Bi 
( 1  ))[X2)=[Bi(m)l[X )]+( 1  /( 1  +q))[Bi(  1  )][X2]=[Bi(m)]IXi]+(  1  /( 1  +a))[Bi( 
0][Bll)(Xi], 

([IHBi(m))-(lAl+Q))[Bi(l)](Bll))[X,l=0. 

These  equations  have  been  programed  and  solved  by  using 
IBM/VSPC  system  at  the  University  of  New  Mexico.  After  [Xi) 
and  IX2I  were  obtained,  each  value  on  the  vertical  line  inside 
PLZT  wafer  can  be  calculated  by  the  method  of  summary 
representation.  The  methods  presented  above  have  been  applied  to 
the  following  cases  with  more  complicated  interface  structures: 
Electrodes  on  one  side  of  PLZT  wafer  with  over  coated  PLZT 
film:  Electrodes  on  Both  Wafer  Surfaces  with  Non-homogeneous 
Interface  (i.e.  electrodes  on  both  wafer  surfaces  without 
overcoated  films,  and  electrodes  on  both  wafer  surfaces  with 
overcoated  films  but  the  films  are  not  PLZT);  and  Electrodes  on 
both  PLZr  Wafer  Surfaces  Over-Coated  with  PLZT  Films.  We 
will  not  elaborate  all  the  formalism  here  but  instead  present 
only  the  final  results. 

Results 

In  all  the  results,  except  otherwise  specified,  we  have  assumed  that 
PLZT  has  the  R  coefficient  of  1.5xl0'^«  m^V*  and  the 
wavelength  of  the  light  is  5000  X. 

(1)  Transmitted  Light  Inten.sity  Distribution  under  crossed 
polarizers. 


In  this  case,  wafer  thickness  is  70  pm,  electrode  width  is  50  pm, 
electrode  gap  is  50  pm,  three  interdigital  electrodes  are  on  both 
sur*'aces  of  the  wafer. 


(2)  Half  Wave  Voltages 

In  this  ease,  PLZT  wafer  is  625  nm  thick,  electrode  width  is  50 
titn  and  electrode  gap  is  50  Mtn.  Since  l^iax  chose  is  only  36 
points,  the  calculated  half  wave  voltages  my  not  be  very  accurate. 

(a)  Three  electrodes  are  on  one  side  of  wafer. 

Vvz  -  Vo^t 

(b)  Three  electrodes  are  on  both  sides  of  wafer. 

Voir> 

(c)  Three  electrodes  are  on  one  side  of  wafer,  over-coated  with 
PLZT  film. 

(d)  Three  electrodes  are  on  both  sides  of  wafer,  over  coated  with 
PLZT  films. 

Vvi  =  /■2-3  VoLh 


(3)  Half  Wave  Voltage  In  Thick  and  Thin  Films 


(a)  Three  electrodes  on  one  side  of  thin  film  of  75  pm  thick, 
over-coated  with  PLZT.  The  gap  is  5  pm  and  the  width  is  10  pm. 

^>/x  '  53  Vei-ti 

(b)  Three  electrodes  on  two  sides  of  thin  film  of  75  pm  thick,  not 
over-coated  with  PLZT.  The  gap  is  5  pm  and  the  width  is  10  pm. 

=  52  Volts 

(c)  Three  electrodes  on  two  sides  of  thin  film  of  75  pm  thick, 
both  sides  over-coated  with  PLZT.  The  gap  is  5  pm  and  the 
width  is  10  pm. 

3  7  Voits 

(d)  Three  electrodes  on  thin  film  of  3  pm  thick,  not  over-coated. 
The  gap  and  ■  ^dth  are  10  pm. 

”  /  03  VolSb 


(e)  Three  electrode*  on  one  side  of  thin  film  of  10  pm  thick,  not 
over-coated.  The  gap  and  width  are  10  pm. 

Three  electrodes  on  thin  film  of  3  pm  thick. 

=  89  Vbtti 

(4)  Half  Wave  Voltage  as  a  Fuactioa  of  FLZT  Tbickaes* 

(a)  g-w»50  pm,  three  electrodes  on  one  surfaces. 

VM  (MHt) 


(b)  g>S  pm,  w^io  pm,  three  electrodes  on  both  surfaces. 


(c)  s=‘5  pra,  w-10  pm,  three  electrodes  on  one  surface,  over¬ 
coated  with  PLZT  thin  Him. 


(5)  Half  Wave  Voltage  as  a  Function  of  Electrode  Gap 

In  this  case  w»  50  pm,  1  »  625  pm,  three  electrodes  on  both 
surfaces  of  wafer. 


(Veit) 
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(6)  Half  Wave  Voltage  as  a  Fuactlon  of  Electrode  Width 

In  this  case,  g-50  urn,  I  -  625  (im,  three  electrodes  on  both 
surfaces  of  wafer. 


(7)  Half  Wave  Voltage  as  a  Function  of  wavelength 

In  this  case,  g  -  w  -  50  itm,  I  -  625  nm,  three  electrodes  on  both 
surfaces  of  wafer. 


Vvs  (Volt) 


X(A) 


(8)  Half  Wave  Voltage  as  a  Function  of  R  Coefficient 


In  this  case  g  •  w  >■  50  ttm,  I  •  625  itm,  three  electrodes  on  both 
surfaces. 


Vvi  (Volt) 


R  (  10'“  «*/v») 


CONCLUSION 

There  are  many  important  and  useful  results  from  all  the  above 
figures.  Most  of  them  are  self-evident,  for  examples.  The 
intensity  distribution  in  the  gap  is  not  uniform  for  different 
applied  voltages;  Half  wave  voltage  decreases  when  there  is  over¬ 
coated  film;  the  half  wave  voltage  does  not  decrease  indefinitely 
as  the  gap  size  decreases,  instead,  there  is  a  turning  point  that  it 
will  actually  increases;  etc.  Many  results  are  consistent  with  our 
experimental  observation  and  some  further  results  will  be 
presented  elsewhere. 
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FIELD  ENHANCEMENT  AND  REDUCTION  AND  ELIMINATION  OF  REMANENT  LIGHT  FLOW 
IN  ELECTROOPTIC  BULK  AND  IHIN  FILM  DISPLAYS  AND  SPATIAL  LIGHT 
MODULATOKSiTHEORY  AND  PRACTICE 


A.  Y.  Wu 

Center  for  High  Technology  Materials 
University  of  New  Mexico 
Albuquerque,  NM  87131 

Remanent  light  flow  is  a  very  serious  problem  in  electrooptic  devices  it  can  not  only  degrade  the 
contrast  ratio  but  also  shorten  the  lifetime  of  the  devices.  In  fact,  understanding  and  solving  the 
remanent  light  flow  problen,  in  an  electrooptic  device  may  also  help  understanding  and  solving  several 
other  problems  such  as  fatique  and  aging  problems  in  other  devices.  Efforts  have  been  given  to 
examine  the  mechanism  of  the  remanent  ligi  t  flow  problem  in  ceramic  bulk  (such  as  PLZT)  and  thin 
film  (such  as  PLZT,  BaTiOj,  LiNbOj,  SBN,  etc.)  displays  and  spatial  light  modulators  and  effective 
methods  of  reducing  an.l  eliminating  remanent  light  flow  by  using  buffer  and  capping  layer  on  the 
surface  of  the  devices.  Several  very  effective  buffer  and  capping  layers  have  been  tested,  they  can 
not  only  reduce  or  eliminate  the  remanent  light  flow  but  also  can  enhance  the  electrooptic  effect  by 
10  to  30%.  The  physical  origin  of  the  remanent  light  flow,  the  method  of  eliminating  it,  the  physical 
origin  of  the  electrooptic  enhancement  effect,  and  some  experimental  results  will  be  presented. 


InlroUuclion 

When  an  electrical  field  is  applied  to  a  pair  of  electrodes  of  an 
electrooptic  device,  some  unwanted  space  charge  will  be  built  up 
as  a  function  of  time  between  the  electrodes  on  the  surface  or 
inside  the  electrooptic  material.  After  the  applied  field  is 
removed,  the  space  charge  can  creat  a  residual  birefringence.  The 
light  intensity  detected  under  crossed  polarizers  due  to  this 
unwanted  birefringence  is  called  remanent  light  flow.  The 
remanent  light  flow  is  a  very  serious  problem  in  electrooptic 
devices,  particularly  in  ferroelectric  ceramic  materials,  because  it 
can  not  only  degrade  the  contrast  ratio  but  also  shorten  the 
lifetime  of  the  devices  (see  Figure  1).  In  this  paper,  we  will 
report  some  observations  on  remanent  light  flow  problem  in  bulk 
and  thin  film  PLZT  displays  or  spatial  light  modulators.  The 
physical  origii'  of  the  remanent  light  flow,  the  method  of 
elimmating  it,  and  the  electrooptic  enhancement  effect  will  be 
discussed. 

Experimental  and  Discussion 

Several  causes  of  remanent  light  flow  have  been  identified  as 
follow: 

(1)  Moisture,  Dust,  and  Surface  Containntination  are  observed  to 
be  major  causes  of  surface  charges:  For  example,  blowing  wet  air 
onto  surface  of  an  electrooptic  device  under  an  applied  electric 
field  can  immediately  creat  serious  remanent  light  fiow.  Some 
PLZT  9/65/35  displays  with  surface  planar  Imeruigital  electrodes 
lose  their  performance  quickly  under  the  moisture  test,  e.g.,  the 


Figure  1(a).  Non-uniform  surface  charge  distribution  in  PLZT 
9/65/35  bulk  wafer.  Gap  =  50  This  type  of  space  charge  can 
be  entirely  eliminated  using  the  coating  method  described  in  this 
paper. 


Figure  t(b).  Remanent  light  flow  in  sputtered  PLZT  :8  0  100 
film.  Gap  =  8  pm. 


igure  1(c).  Remanent  light  flow  in  .solution-coated  PLZ.  I 
'/65/35  film.  Gap  =  10  pm. 
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consirast  ratio  may  drop  from  1000  down  to  less  than  200  withtn  a 
few  seconds  and  the  remanent  light  flow  can  easily  be  seen  Ly 
eyes.  The  large  applied  electric  field,  commonly  1.5  kV/mm  or 
larger,  can  ionize  water  droplet,  dust  and  air  particles,  particularly 
near  electrodes.  The  ionized  droplet  or  particles  can  then  be 
attracted  to  the  ceramic  surface  by  the  force  of  the  'mage  charge 
inside  the  ceramic  material  and  adhere  on  the  surface.  Unless  the 
surface  is  cleaned  immediately  and  constantly,  the  attracted 
surface  charge  may  stay  on  the  surface  for  a  long  time.  Other 
containmination  constantly  observed  is  some  residue  on  the  surface 
from  sample  proc'‘Ssing.  For  example,  if  there  is  a  very  thin  layer 
of  ITO  residue  on  the  surface,  space  charge  distribution  on  the 
surface  (caused  by  hopping  conductivity  under  applied  electric 
field)  can  creat  non-uniformity  in  the  light  intensity  under 
applied  electric  field  and  also  very  likely  remanent  light  flow  (see 
Figure  1(a)). 

(II)  Charge  injection  from  electrodes  into  ceramic  material;  When 
the  surface  is  not  clean  and  smooth  or  the  material  is  porous 
(particularly,  solution-coated  thin  films),  space  charge  may  be 
injected  into  and  accumulated  inside  the  material  near  the 
electrodes.  The  constrast  ratio  may  deteriorate  in  only  a  few 
hours  of  operation. 

(III)  Microcracks:  When  PLZT  devices  were  operated  under  large 
electric  field  (larger  than  1.5  kV/mm),  microcracks  may  appear  on 
the  surface,  particularly,  at  the  boundaries  of  ceramic  grains  (see 
Figure  2).  In  severe  situations,  individual  grains  on  the  surface 
were  seen  to  "pop"  out  of  the  ceramic  surface  and  left  behind 
holes  of  the  grains,  particularly,  near  the  electrode  positions.  It  is 
believed  that  the  cracks  are  due  to  stress  corrosion  from 
electrostriction.  These  cracks  and  holes  are  the  places  of  remanent 
light  flow, 

(IV)  Chemical  Reactions:  Edges  of  chromium  electrode  were  seen 
to  deteriorate  fast  under  normal  applied  electric  field,  particularly 
on  the  positive  chromium  electrode.  It  is  believed  that 
electrochemical  reaction  may  take  place  between  PLZT  and  Cr 
with  the  assistance  of  moisture.  One  possible  route  is  that  Cr 
becomes  chromium  oxide  and  lead  oxide  is  reduced  to  lead  near 
the  positive  electrode.  The  surface  of  the  "pop  out'  holes 
mentioned  before  all  became  black  in  color  and  not  transparent 
any  more,  indicating  some  reducing  chemical  process,  particularly 
in  the  grain  boundaries.  When  the  sample  was  annealed  in  air  at 
500°C,  the  black  coloration  disappeared  and  PLZT  restored  back 
to  transparency. 

(V)  Impurity  effect:  Efforts  have  been  made  to  dope  PLZT 
9/65/35  with  about  2%  of  K2O  or  2%  of  Fe203  to  intentionally 
increase  the  space  charge  problem  in  the  ceramic  material. 
Indeed,  space  charge  problem  and  remanent  light  flow  problem 
became  even  worse  than  the  undoped  samples.  By  appling  electric 
field,  one  could  see  slow  response  of  the  migration  of  space 
charge  inside  PLZT  material.  This  kind  of  space  charge  problem 
can  not  be  cured  by  the  coating  method  as  will  be  described 
below.  But  from  this  experiment  it  is  clear  that  in  order  to 
eliminate  space  charge  problem  in  PLZT,  it  is  necessary  to 
eliminate  some  impurities  such  as  K  and  Fe. 

(V'l)  Severe  Stress  and  Strain:  Fatigue  caused  by  applied  voltage 
larger  than  1.5  kV/mm  may  cause  permanent  damage  in  PL2  I 
bulk  wafer.  Even  no  microcrack  is  formed,  remanent  light  flow 
can  still  be  seen  and  it  is  not  possible  to  cure  this  problem  by  thin 
film  coating  as  will  be  described  below. 

Once  the  origin  of  the  space  charge  is  identified,  it  is  possible  to 
cure  the  remanent  light  flow  problem.  Four  methods  have  been 
used;  (I)  Draining  the  surface  charge  and  homogenizing  or 

equalizing  the  surface  potential,  (2)  Preventing  the  charge 
injection  from  happening,  (3)  Passivation,  (4)  Eliminating  the 
space  charge  on  the  surface  and  inside  the  material  by  reducing 
impurities,  pores,  and  other  defects  in  the  material,  and  (5) 

Avoiding  applied  field  larger  than  1.5  kV/mm.  We  will  now 
describe  the  first  three  methods.  But  before  any  method  is 

practiced  on  any  sample,  one  must  be  sure  that  the  sample, 

particularly  the  sample  surface,  must  he  very  clean  and  very  well 
polished  right  at  the  first  beginning. 


Figure  2.  (a)  Severe  mictocracks  in  PLZT  5  5  65  35  wafer  after 
severe  fatii..  e  testing.  Gap  =  50  pm  Note  that  "blobs"  grow  out  of 
edges  of  Cr  t  ectrode  may  be  chromium  ovide.  tb)  Remanent 
light  How  a!  -lacked  and  highly -stressed  regions 


Several  very  effective  thin  film  coatings  have  been  tested.  Here 
we  will  discuss  only  five  cases  (Film  thickness  is  optimized  for 
interdigital  electrode  gap  of  45  >im): 

(a)  SiOz  films  of  800  to  1000  ^  thick  were  used  as  buffer  layer 
between  interdigital  electrodes  and  PLZT  material.  This  layer  was 
found  to  be  useful  for  treating  problem  (11,  (2)  and  (3).  Silimar 
films  were  used  as  an  osercoaling  layer  covering  the  interdigital 
electrodes  and  the  PLZT  material.  This  layer  was  •'  nd  to  be 
useful  for  treating  problem  (1)  and  |3).  The  films  w.'re  deposited 
using  rf  magnetron  sputtering  at  200'^C  or  a  solution  coating  and 
firing  method  at  450‘>C  from  -t  precursor  solution. 

(b)  TiOz  films  of  400  to  600  X  thick  were  used  as  buffer  or 
overcoating  layer.  The  performance  is  similarly  to  la).  The  films 
were  deposited  using  a  solution  coating  and  firing  method  at 
450-C  from  a  precursor  solution, 

(c)  Gold  films  of  100  X  thick  were  used  as  overcoating  layer. 
This  layer  was  found  tote  useful  for  treating  problem  (1).  The 
films  were  deposited  using  rf  magueiion  sputtering  at  room 
temperature. 

(d)  PLZT  9/65/35  films  of  600  to  1000  thick  were  used  as 
oveicoating  layer.  The  films  were  deposited  using  a  solution 
coaling  and  firing  method  at  650"C  from  a  precursor  solution. 
The  result  is  not  satisfactory. 

(c)  ZrOz  films  of  600  to  800  .X  thick  were  used  as  overcoating 
layer.  The  films  were  deposited  using  a  solution  coaling  and 
firing  method  at  450°C  from  a  precursor  solution,  1  he  result  is 
not  satisfactory. 

As  can  be  seen,  SiOz  film  is  an  amorphous  dielectric  insulator, 
TiOz  film  is  a  semiconductor  with  a  mixed  rutile  and  amorphous 
structure,  the  gold  film  is  a  metal,  PI  Z7  film  is  a  ferroelectric 
insulator,  and  ZrO?  film  is  a  dielectric  insulator  with  a  mixed 
monoclinic  and  amorphous  structure.  The  important  quest-on  now 
is  why  some  films  worked  but  some  do  noli’  After  careful 
testings  it  was  found  that  the  first  three  film  are  weakly 
conducting  but  the  others  are  not.  As  can  be  expected,  these 
weakly  conducting  films  are  capable  of  draining  the  unwanted 
surface  charge  and  the  oxide  buffer  layers  are  thick  and  strong 
enough  to  serve  as  a  charge  injection  baiiier  to  prevent  the  space 
charge  from  build-up,  pa-iicularly .  near  th  interface  of  the 
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positive  electrode  and  PLZT.  [The  image  of  PLZT  display  coated 
with  TiOj  film  is  very  "dynamic"  as  a  function  of  time:  At  a 
fixed  applied  voltage  above  a  minimum  applied  voltage,  the 
intensity  distribution  is  not  stable  and  uniform  but  migrating  and 
moving  around,  possibly  due  to  different  activation  energies 
required  to  trigger  different  semiconducting  states  in  different 
ceramic  grains  at  different  space-time.  Also,  field  enhancement 
effect  occur  only  above  the  minimum  applied  voltage.) 

From  device  passivation  viewpoint,  a  dielectric  buffer  and 
overcoating  or  capping  layer  is  useful  to  prevent  the  moisture 
from  attacking  the  device.  But  more  insight  to  the  remanent  light 
flow  is  that  coating  can  also  provide  extra  support  to  prevent 
microcracks  (stress  corrosion)  from  happening  and,  to  reduce  the 
chemical  reaction  between  electrodes  and  electrooptic  material, 
a.nd  most  interestingly,  to  confine  and  enhance  the  electric  field  in 
the  electrooptic  material  so  that  half-wave  voltage  required  for 
operating  the  device  can  be  reduced.  In  fact,  theoretical 
calculation  from  summary  representation  method  showed  that 
when  PLZT  is  coated  with  a  dieleciiic  layer,  the  half-wave 
voltage  will  be  reduced  [1,2|,  but  if  there  is  a  weakly  conducting 
buffer  layer  between  PLZT  and  electrodes,  field  line  will  be 
drawed  in  and  bend  more  toward  the  inside  of  PLZT  material  and 
thus  gtently  enhance  the  field  in  the  material  and  the  half-wave 
voltage  will  be  reduced.  When  the  operating  voltage  of  a  device  is 
reduced,  the  stress  and  chemical  corrosion  and  thus  the  remanent 
light  flow  will  also  be  reduced.  Figure  3  shows  that  when  a  PLZT 
device  is  overcoated  with  or  has  a  buffer  layer  made  of  a  weakly 
conducting  film,  the  half-wave  voltage  may  be  reduced  by  about 
10  to  30%,  depending  on  the  electrical  and  optical  properties  and 
the  thickness  of  the  film  materials.  Similar  to  PLZT  devices, 
observations  have  been  made  on  several  thin  films  including 
BaTiOa,  LiNbOa,  and  SBN  under  high  electric  field.  Remanent 
light  flow  in  these  films  is  again  a  serious  problem,  particularly 
under  high  operating  field.  But  the  problem  can  be  treated  in  a 
similar  fashion  because  physics  is  similar  in  all  cases.  Further 
results  will  be  presented  elsewhere. 

Conclusions 


Effective  methods  of  reducing  and  eliminating  remanent  light 
flow  by  using  buffer  and  capping  layer  on  the  surface  of 
electrooptic  devices  are  described  and  experimental  results  are 
presented. 
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Figure  3(a).  Half-wave  voltage  of  PLZT  9/65/35  bulk  wafer 
coated  with  various  films. 


Figure  3(b).  Field  enhancement  and  reduction  of  remanent  light 
flow  in  PLZT  9/65/35  bulk  display.  Left  side:  no  coating.  Left 
side:  overcoated  with  SiOj  film.  When  applied  field  was  reduced 
to  zero,  the  c,yjtcd  area  showed  no  remanent  light  flow  (a  totally 
dark  image). 
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Abstract 

The  paper  reports  the  studies  of  the  self  second 
harmonic  generation  crystal  NYAB  pumped  by  the 

Infrared  laser  output  of  Ti^*:A1^0^.  The  wavelengths 
of  the  pumping  laser  are  from  0.7306pm  to  0.8268pm. 

The  size  of  NYAB  crystal  Is  3x3x4 am^.  We  adopted  type 
I  phase  matching  self  second  harmonic  generation 
(self  SHG)  and  got  0. 532pro  output  with  NYAB  crystal 
uncoated  and  not  even  being  put  into  resonators 
either.  The  spot  of  the  green  light  is  1mm  diameter 
and  the  diffuse  angle  is  l.Smrad.  In  experiment,  the 
threshold  of  the  self  SHG  of  NYAB  crystal  was  measured 
also. 

Keywords:  self  second  harmonic  generation, 

neodymium  yttrium  aluminum  borate  crystal 


Introduction 

NYAB  crystal  (Nd  Y  A1  (BO  )  )  is  a  new 

X  1 -X  3  34 

multifunctional  crystal  developed  at  the  end  of  the 
1980’ s.  It  belongs  to  space  group  R32.  NYAB  crystal  is 
the  laser  crystal  and  also  the  nonlinear  optical 
crystal.  It  Is  promising  In  the  development  of 
miniature  green  light  laser  devices  pumped  by  laser 
diodes,  which  can  be  used  In  optical  disc  technique, 
optical  fiber  communication,  underwater  detective  and 
display,  and  other  high  technology.  It  has  absorbed 
much  attention  of  the  researchers.  For  the  reason  of 
the  high  cost  of  high  power  laser  diode  at  0.804pm, 

3  * 

wide  bandwidth  infrared  laser  output  of  Ti  :A1^0^  was 

used  to  pump  NYAB  crystal  in  experiment.  We  have  got 
the  self  SHG  green  light  output,  and  further  have  done 
some  research  In  the  use  of  NYAB  crystal. 


Experiment 

(1)  The  output  of  the  Ti^*:A1^0^  laser 

The  schematic  of  the  experimental  setup  Is  shown  in 
Fig. 1. 

A  commercial  Q-switched  YAG  laser  (Model 

Quantel  YG-58)  of  1.064pm  radiation  was  the  original 
source.  KTP  crystal  was  used  to  get  SHG  green  laser 


beam,  thereby  to  pump  the  Ti^*:A1^0^  crystal  to  get 

the  Infrared  laser  output  we  need.  The  green  laser 
beam  energy  can  be  adjusted  by  the  limiting  aperture 

about  2mJ  ~  2UmJ.  The  Ti^tAl^O^  crystal  rod  was  grown 

by  ourselves.  Its  size  is  *4. 89mmx25.  16mm.  Ti^'  Ion 
concentration  is  0.3'/..  In  the  experimental  setup,  a 
200mm  focal  length  lens  Li  was  used  to  concentrate  the 
light  energy.  therefore  to  obtain  higher  energy 
density.  The  crystal  rod  and  two  mirrors  of  the 
resonators  were  placed  near  the  focal  plane,  but  not 
in  it  to  avoid  damage.  The  resonators  were  the 
flat-flat  design  and  easy  for  adjustment.  Mirror  Mi 
was  highly  transmitting  at  0.532pm  and  highly 
reflecting  near  0.75pm.  Mirror  Mz  was  highly 
reflecting  at  0.532pm  and  its  transmission  rate  at 
0.75pm  was  27’/..  Fi.Fz.Fa  are  filters  absorbing 
1.064pm.  0.532pm  and  infrared  light  respectively.  In 

this  way,  the  output  of  Ti^*:A1^0^  crystal  from 

0.7306pm  to  0.8268pm  was  obtained  with  a  duration  of 
15ns.  The  maximum  pulse  energy  was  610pJ.  We  can  see 

the  red  light  with  a  spot  of  1.5mm  diameter***. 

(2)The  choice  of  the  NYAB  crystal 

NYAB  belongs  to  the  negative  uniaxial  crystal.  Its 

[  2 1 

refractive  Indices  at  1.064pm  and  0.532pm  are 
n  “=1.7553,  n  "=1.6869,  n^"  =1.7808,  n^"  =1.7050 

®  ^  (31  * 

According  to  the  following  formula: 


I 

0  =sin 


f  I  W  ..-2  >  2w  v-2 

I  (  n  )  -(  n  ) 


f  2w  v-2  X  2w  ..-2 

(  n  )  -(  n  ) 


we  can  obtain  the  type  1  phase  matching  angle 
which  is 

e’  -34"34' 

B 

And  from  formulae  (2)--(4) 

n^"(e*')=  i  [  n  “+  n  “(  0  )  1 

em  2^0  e  "J 


(1) 

easily. 


(2) 


2w  X  _  1 1  X 

n  (0  )  = 


I  cos  0 


,  2m  ,2 
(  n  ) 


,  2  11 
sin  0 


,  2m  .  2 

{  n  ) 


(3) 


1  n 

1  r 

]  1 

n 

- 

■ 

1  f 

1  n 

Ir 

Nd: YAG 

hrM 

H 

H 

_ 

_ 

H 

S  KTP  Fl  Li  Mi  Tl  :A1^0^  Mz  Fz  Lz  NYAB  F3  D 
Fig  1.  The  Schematic  of  the  Experimental  Setup 
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'(e")  = 


2^11 
COS  0 


sln^e*^ 


/  "  1  * 
(  n  ) 


(4) 


a  simple  program  needs  to  be  developed  to  calculate 
the  type  II  self  SHG  phase  matching  angle.  The  result 
Is 

II  « 

e  =50  33  . 


Vi'e  know,  the  azimuthal  angle  0  Is  selected  to  rake 
d  maximum.  NYAB  crystal  belongs  to  group  R32,  so 

Its  effective  nonlinear  coefficients  are  as 

.r  1  . 

fol lows: 

d  '=d  cos  e*cos30  (5) 

eff  n  m 


d  **=d  cos^a'*sln3^  (6) 

off  u  n 

Thereby,  =0,°  ^*'=30  .  In  these  directions,  the 

at  m 

effective  nonlinear  coefficient  expressions  are 


d  (e 

.0 

)=0. 823d 

(7) 

eff  m 

m 

11 

d  "(g" 

.0'‘l 

■=0. 404d 

(8) 

eff  m 

m 

U 

We  get  the 

conclusion  that,  the  self  SHG 

of 

NYAB 

crystal  of 
effective. 

the 

type  I  phase  matching 

Is 

more 

In  our  experiment,  the  NYAB  crystal  was  cut  with 

type  I  phase  matching  angles.  Its  size  was  3x3x4mm^. It 
was  uncoated  and  not  put  into  resonators  either  In 
order  to  simplify  the  experiment. 


Experimental  Results 

A.  We  got  0.532pm  green  laser  output.  Its  energy 
was  In  pJ  order.  The  light  spot  was  1mm  diameter, 
and  the  diffuse  angle  was  1.5mrad. 

B.  The  self  SHG  threshold  of  NYAB  crystal  pumped  by 
the  wide  bandwidth  Infrared  laser  was  about  IBOpJ. 

C.  We  found  the  best  phase  matching  angle  was 

0'=33”3O  ,  which  was  I’devlatlon  from  the  theoretical 

m 

calculat Ion. Compar Ing  the  experimental  results  with 
calculation,  we  think,  in  spite  of  the  deviation  In 
cutting,  the  main  reason  Is  that  there  are  deviations 
of  the  Nd  ion  concentrations  of  NYAB  crystal.  Thus.  It 
Influenced  the  crystal  indices.  There  is  a  slight 
difference  of  phase  matching  angle  between  the 
theoretical  calculation  and  the  experimental 
measurement. 

D.  In  experiment,  we  found  the  optic  principal 
axial  direction  of  NYAB  crystal  can  be  Judged  by 
Inserting  two  orthogonal  polarizers  or  observing  the 
polarization  of  the  0.532pm  output.  And  the 
polarization  of  the  pumping  source  had  no  Influence  on 
the  output  of  0. b32pm  self  SHG  light. 

In  summary,  NYAB  crystal  is  a  good  self  SHG  laser 
crystal.  It  Is  promising  to  have  a  wide  use  In  the 
f  uture. 
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ABSTRACT 

Ultrafine  PT  powders  are  dispersed  in  different 
liqiuds  to  form  uniform  suspensions  of 
ferro-f luids.  Nonlinear  optical  properties  such 
as  second  harmonic  generation  (SHG)  and 
degenerate  four  wave  mixing  (DFWM) ,  and  Raman 
spectra  were  investigated.  Changes  of  optical 
properties  when  applying  a  bias  electric  field 
to  the  samples  are  shown.  Structure  and 
property  relationships  of  fine  composites  are 
discussed. 


INTRODUCTION 

The  nonlinear  optics  of  isotropic  and 
anisotropic  artficial  dielectrics  such  as  0-3 
fine  composites  has  recently  been  the  focus  of 
intense  study  at  visible,  infrared,  microwave, 
and  millimeter  wavelengths.’'^'^'  A  number  of 
these  composites  exhibit  nonlinear  optical 
behavior  and  have  been  utilized  for  four-wave 
mixing  and  the  important  application  of  phase 
conjugate  image  reconstruction.* 

Many  shaped-microparticle  suspensions  such 
as  polystyrene  latex  microsphere  suspensions  in 
aqueous  solutions  have  show  an 
optical-field-induced  density  modulation  of 
microsphere  concentration.*  Vanadium  pentoxide 
microparticles  in  a  carbon  disulfide  host 
medium  has  show  a  third-order  nonlinear  optical 
X**’  =5*10'‘esu  of  the 

Shaped  PTFE  microparticles  in  an 
aqueous  suspension  has  also  caused  polarization 
modulation  of  probe-  laser  light. ^ 

In  this  paper,  lead  titanate  (PT)  powders  in 
ellipsoidal  and  needle-like  morphorlogies 
derived  from  Sol-Gel  process  and  hydrothermal 
synthesis  are  suspended  in  organic  solvents. 
The  microstructure  of  the  powders  was  analysed 
by  Raman  spectra.  Phase  conjugation  via  DFWM 
was  examined  in  PT  powder  suspensions. 


susceptibility 

particulates.® 


weight  fraction  of  PT  powders  in  the  composites 
was  less  than  0.1%  to  maintain  good 
transparency. 

(2)  Raman  spectroscopy 

U-1000  Raman  spectroscopy  equipment  was 
used  with  a  SP-3000  Ar*  laser.  The  laser  light 
was  horizontally  polarized  and  focused  to  a 
beam  2-5  microns  in  diameter  to  generate 
microscopic  Raman  spectra.  Figs.l  and  2  show 
the  Raman  spectra  of  spherical  and  ellipsoidal 
PT  powders  of  different  sizes,  and  Fig. 3  was 
obtained  from  needle-like  PT  powders.  Most  of 
the  main  Raman  peaks  of  single  domain  PT  also 
appear  in  spherical  and  ellipsoidal  PT  powders, 
but  only  three  of  the  main  peaks  E(ITO)  mode  at 
80.997cm  ’,  second-  order  Raman  line*  at  150cm  ’ 
and  A,  (3TO)  mode  at  624cm'’  were  observed  in 
needle-like  PT  powders. 

As  the  sizes  of  spherical  or  ellipsoidal 
PT  particle  become  smaller,  the  peak  intensity 
of  the  E(3TO+2p)+B,  mode  at  288cm  ’  and  A,  (3LO) 
mode  at  723cm'’  becomes  stronger. 


•lABI  Couat 


EXPERIMENTAL  METHOD  AND  RESULTS 
(1)  Sample  preparation 

The  spherical  and  ellipsoidal  PT  powders 
were  derived  from  the  Sol-Gel  process.  The  size 
distribution  of  PT  powders  can  be  controlled  by 
changing  the  reaction  conditions  of  the  Sol-Gel 
process  and  the  successive  treatments  such  as 
the  firing  temperature,  ultrasonic  treatment, 
etc.  Spherical  and  ellipsoidal  PT  powders  in 
size  ranges  80-160nm  and  200-300nm  have  been 
used  in  this  experiment.  The  needle-like  PT 
powders  were  mainly  about  0 . 5um*0. 5um*10um. 

PT  powders  can  form  stable  suspensions  in 
some  polar  solvents  and  viscous  liquids,  but 
less  stable  nonpolar  solvents  such  as  CCl^.  In 
general  the  smaller  the  PT  powders  are  ,  then 
the  more  stable  the  suspensions  formed.  The 
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(3)  SHG  and  DFWH  measurement 


un.oc  IM.M  UO.M  7M.00  MOM  (oa-l) 
Plg-S  Ramu  SpBctrum  o/  NaodW-Uka  PT  Poitdara 


In  order  to  see  the  effect  of  polarizition 
on  the  needle-like  PT  powders,  an  AC  electric 
field  was  applied  to  the  sample  in  a  direction 
parallel  to  the  light  polarization.  The 
electric  field  was  about  216  V/cm  with  lOOHz 
sine  wave.  Figs. 4  and  5  show  the  behavior  of 
needle-like  PT  powders  suspended  in  CCl^  with 
the  AC  field  on  and  off  respectiv  aly .  Raman 
peaks  of  PT  powder  can  be  slight  distinguished 
with  AC  field  on. 

4 


Fi|.4  Ramu  Spoctnmi  of  PT/OCU  Suspeanoo  With 
AC  FieU  nOOHi)  oa 


SHG  measurement  was  carried  out  with  the 
different  PT  powders.  All  PT  powders  derived 
from  the  Sol-Gel  process  and  hydrothermal 
synthesis  in  perovskite  structure  generate 
obvious  SHG  signals,  with  a  transverse 
efficiency  measured  by  powder  SHG  ranging 
between  lO'^-lO'^.  SHG  signals  can  also  be 
observed  when  the  PT  powders  were  dispersed  in 
many  liquids  at  high  powder  densities,  which 
depended  on  the  pulse  laser  power. 

The  third  order  nonlinear  optical  signals  of 
PT  powder  suspensions  were  measured  by  DFWm'°. 
DFWM  was  performed  under  different  conditions, 
one  was  at  X=l.06um  with  100  mJ  pulse  energy 
and  10  ns  pulse,  the  other  was  at  X=0.53um  with 
50  mJ  pulse  energy  and  15  ns  pulses,  i.e.  the 
peak  power  intensities  were  lOMW  and  3.3MW 
respectively . 

DFWM  was  used  to  measure  the 
third-order  nonlinear  optical  susceptibility 
x‘^’  of  the  suspensions,  x'^’  can  be  calculated 
by  detecting  the  light  density  of  the 
conjugate  wave.  PT  powders/CCl^  suspensions 
were  used,  in  which  the  size  of  the 
suspension  cell  was  about  5mm* 10mm* 3 0mm,  and 
the  laser  light  was  transmitted  through  5mm 
sides.  The  third-order  nonlinear  optical 
susceptibility  x‘^*  for  small  PT  powders 
{<160nm)  in  suspension  was  about  3.6*l0'"esu 
and  2.1*10''’esu  for  larger  powders  (200-400nm) , 
while  for  the  pure  liqiuds'  x‘’’  measured  by 
this  system  was  about  0.87*10  '^.  All  of  the 
above  were  measured  using  the  double  frequency 
{0.53um)  laser,  and  these  results  will  be  shown 
to  be  approximately  at  least  1.5  times  larger 
than  that  of  the  suspensions  when  the  higher 
power  intensity  laser  at  X=1.06um  was  used. 

Needle-like  PT  powders/CCl^  suspensions  were 
also  measured  using  the  double  frequency  laser. 
DC  and  AC  electric  fields  were  applied  to 
the  sample  perpendicular  to  the  direction 
of  the  incident  light.  Fig. 6  shows  a  diagram  of 
the  experimental  scheme.  The  results  were  as 
follow: 


AC  field  (50Hz)  0  240  360  420  (V/cm) 

X<3) 

(*10’'  esu)  1.05  0.83  0.77  0.76 

When  the  AC  electric  field  was  applied,  the 
rise  time  for  the  conjugate  wave  to  reach 
stability  at  240V,  360V,  420V  are  all  about 

0.8  seconds  while  the  decay  time  of  this  signal 
was  about  4  seconds  when  the  AC  electric  fields 
were  turn  off.  These  phenomena  can  be  repeated 
very  well  if  the  AC  electric  field  has  been 
applied  for  a  short  time.  With  DC  electric 
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field  similar  observations  have  been  made,  cylindrical ly  symmetrical  systems.  In  the 

but  can  not  be  repeated  very  well  because  the  small-field  limit  of  the  light  field,  where 

needlelike  PT  powders  sink  quickly  after  saturation  effects  can  be  ignored,  both 

several  circles  of  DC  field  applicatons.  These  electrostatatic  forces  and  electrostatic 

results  agree  very  well  with  the  previous  torques  can  orient  the  poled  PT  powders  along 

observations  by  R.B. Findlay  in  needlelike  PT  preferrd  directions.  So  that  both  translational 

powder  alignment  research.  gratings  and  orientational  gratings  are 

With  the  smaller  ellipsoidal  PT  powders  created.  The  orientational  gratings  are 

suspended  in  CCl^,  only  a  small  vibration  in  superimposed  directly  upon  the  translational 

the  conjugate  wave  intensity  was  observed  ones  and  thereby  share  their  direction  and 

between  the  DC  electric  fields  being  on  and  spacing.  Coherent  scattering  of  pump  radiation 

off.  The  former  values  were  slightly  larger  from  these  two  orientational  gratings  gives 

than  the  latter  with  faster  response  than  was  rise  to  the  formation  of  a  conjugate  wave  just 

found  in  the  needlelike  PT  suspensions.  as  for  liqiud  suspensions  of  microspheres. 

DC  field  (50Hz)  0  240  360  420  In  the  DFWM  system  a  liquid  suspension  of 

(V/cm)  shaped  powders — especially  ellipsoidal  and 

X  (*10'"  esu)  2.11  2.03  2.05  1.98  needle-like  here-  -was  irradiated  by  three 

In  this  experiment,  the  pump  beam  and  the  probe  external  laser  beams  of  frequency  w:  two 

beam  were  used  in  vertical  polarization,  conterpropagating  pump  waves  and  a  probe  wave, 

i.e.  perpendicular  to  the  external  electric  If  E(f,t)  denotes  the  total  radiation  field, 

field.  the  microparticles  will  each  acquire  a  dipole 

moment  'f^(r,t),  vibrating  at  w.  The  field 
DISCUSSIONS  induced  dipole  can  be  decomposed  into  two 

pieces,  arising  from  the  isotropic  and  the 

According  to  the  Raman  spectra  of  PT  powders  anisotropic  components  of  the  polarizability 

there  were  some  differences  between  the  tensor:  ^  ^  ^ 

different  shapes  and  sizes  of  PT  powders.  Most  Pw(f , t) =3^ (w)  E  (f ,  t) +1/ 3BK . E (r, t) 

of  the  main  Raman  peaks  of  single  domain  PT  where  K  is  the  orientation  matrix, 

also  appear  in  spherical  and  ellipsoidal  PT  aa=(ep+2a^) /3 ,  B=ap-a^,  a  ,  a^  are  the  body-fixed 

powders,  but  only  three  of  the  main  peaks  polarizability  component  parallel  to  the  axis 

E(ITO)  mode  at  80.997cm’,  second-order  Raman  and  perpendicular  to  this  axis.  In  general  ap>a^ 

line®  at  150cm  ’  and  A,  (3TO)  mode  at  624cm  ’  were  and  the  main  term  will  always  the  isotropic 

observed  in  needle-like  PT  powders.  term  because  it  has  nothing  to  do  with  the 

As  the  sizes  of  spherical  or  ellipsoidal  PT  distribution  angle,  so  the  differences  in  some 

particles  become  smaller,  the  peak  intensity  of  properties  between  parallel  and  perpendicular 

the  E(3TO+2LO)+B,  mode  at  288cm’  and  A,(3L0)  orientations  will  perhaps  not  be  as  big  as 

mode  at  723cm'’  becomes  stronger,  i.e.  the  expected.  The  changes  in  X  shown  in 

vibration  mode  at  long  wavenumbers  are  more  needle-like  PT  powder  suspensions  under  the 

active  in  smaller  powders,  it  can  be  suggested  external  electric  field  were  obvious,  but 

that  more  vibrations  can  be  stimulated  in  the  smaller  differences  were  seen  for  smaller 

PT  powders  at  smaller  powder  sizes.  The  ratio  spherical  or  ellipsoidal  PT  powders  under  the 

of  the  atoms  in  the  surface  to  the  atoms  in  the  same  conditions. 

bulk  becomes  higher  as  the  powder  sizes  become  Therefore  needle-like  PT  powders  are  better 

smaller,  so  the  surface  energy  states  will  for  the  control  of  alignment  in  some  liquids 

become  more  important  for  many  properties.  As  snd  the  smaller  spherical  or  ellipsoidal  PT 

shown  in  DFWM  measurements,  the  conjugate  powders  behave  better  in  second  order  and  third 

signal  or  x‘^’  becomes  larger  as  the  powder  order  nonlinear  optical  processes, 

sizes  decrease,  which  may  be  because  there 

were  more  vibration  modes  taking  part  in  the  CP?i-CLUSIONS_: 

nonlinear  optical  interactions.  In  any  case, 

it  is  seen  that  the  SHG  transverse  efficiency  Shaped  PT  powders  derived  from  Sol-Gel 

was  also  related  to  the  PT  powder  sizes  as  process  and  hydrothermal  synthesis  have  shown 

controlled  by  different  firing  temperatures.  that  the  vibration  modes  are  different  between 

different  shapes  and  sizes.  More  vibraton  modes 
The  main  crystallographic  structure  of  the  in  long  wavenuber  region  are  damped  in 

nanometer  PT  powders  was  still  a  tetragonal  needle-like  PT  powders  with  larger  sizes.  For 

phase  with  4mm  point  group  symmetry.  According  spherical  or  ellipsoidal  PT  powders  the  peak 

to  the  Raman  .spectra  a  lot  of  undefine  peaks  intensities  of  E(3TO+2LO) +B,  mode  at  288cm  and 

that  were  different  from  those  of  single  domain  A1(3L0)  mode  at  723cm  become  stronger  with  the 

PT  appear,  which  may  be  caused  by  the  sizes  decrease. 

noncrystalline  phase  near  the  surface  layer  of  The  spontaneous  polarized  PT  powders  and  PT 

the  powder.  powders  suspensions  posses  second  order  and 

In  Figs. 4  and  5,  the  Raman  peak  intensity  of  third  order  nonlinearities.  Needle-like  PT 

some  vibration  modes  of  the  liquid  host  (CCl^)  powders  are  better  for  the  control  of  alignment 

and  the  PT  powders  can  be  modulated  by  applying  in  some  liquids  and  the  smaller  powders 

external  AC  electric  fields.  This  may  be  spherical  or  sllipsoidal  PT  powders  behave 

because  the  powders  were  aligned  by  the  better  in  second  order  and  third  order 

electric  field  and  direction  of  the  c-  axis  of  nonlinear  optical  processes. 

the  powder  was  changed  by  the  incident  light.  In  addition,  it  is  also  suggested  that  the 

PT  powders  can  be  dealt  with  as  anisotropic  larger  spherical  or  ellipsoidal  PT  powders  be 

particulates  because  of  the  large  spontaneous  aggregated  by  small  powders.  Microstrutures  and 

polarization.  We  can  also  dealt  with  the  properties  of  deaggregated  PT  powders  are 

ellipsoidal  and  needle-like  powders  as  investigating. 
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Abstract 

A  new  variable  medium  and  variable  angle 
ellipsometry(VMAE)  system  which  is  able  to  make 
measurement  on  anisotropic  materials  is  described  in 
this  paper.  A  rotating  analyzer  ellipsometer  is  used  to 
combine  with  several  working  mode  such  as  changing 
medium,  changing  incident  angle  of  laser  beam, 
changing  azimuth  of  sample  etc.  Using  these 
methods,  it  is  able  to  get  enough  equations  for  the 
measurement  of  anisotropic  bulk  materials  and  thin 
films.  The  surmount  equation  group  for  the  calcula¬ 
tion  of  the  optical  constants  of  anisotropic  materials 
is  able  to  be  solved  by  a  PC  type  computer  combining 
Powell,  Rosenbrock,  Palmer  direct  optimization 
methods.  Software  structure  is  introduced  in  detail. 
Experimental  results  are  compared  with  theoretical 
values  to  test  the  reliability  of  the  system. 

Introduction 

With  the  fast  development  of  optoelectronic  ma¬ 
terials,  it  is  imperative  to  find  an  approach  to  meas¬ 
ure  the  optical  parameters  of  materials,  which  is 
undestructive,  automatic,  rapid  and  accurate.  The  re¬ 
flection  ellipsometry  is  a  rapid  and  simple  way  to  de¬ 
termine  the  optical  parameters  and  the  geometric 
thickness  of  materials  by  analyzing  the  change  of 
polarization  between  the  incident  light  and  the  re¬ 
flected  light  from  the  sample  surface.  There  are  main¬ 
ly  two  types  of  working  modes,  null  ellipsometry  and 
photometric  ellipsometry.  Compared  with  the  tradi¬ 
tional  optical  measuring  methods,  the  ellipsometry 
measurement  is  simple  and  automatic,  undestructive 
and  is  able  todetermine  multiple  optical  parameters 
simultaneously.  However,  itspractical  application  has 
been  limited  because  of  its  complicated  theoretical 
calculation.  By  the  end  of  70's,  with  the  development 


of  computers,  the  method  been  widely  used  in  such 
domains  as  the  manufacture  of  semiconductive  com¬ 
ponents,  the  control  of  thin  optical  film  growth  and 
surface  optical  properties  improvement  of 
materials'”  ,  and  so  on.  For  optical  isotropic  materi¬ 
als,  many  measuring  systems  have  been  developed 
such  as  RAE'^'  (Rotating  Analyzer  Ellipsometer), 
RPE'  ”  (  Rotating  Polarizer  Ellipsometer),  VASE 

I4]  (  Variable  Angle  Spectroscopic  Ellipsometer)  etc. 
For  optical  anisotropic  materials,  the  preliminary 
studying' using  ellipsometry  has  been  discussed, 
but  no  comprehensive  measuring  system  has  been  re¬ 
ported  up  to  now.  In  our  work,  a  new  Variable  Me¬ 
dium  and  Variable  Angle  Ellipsometer!  VMAE) 
combining  RAE  with  many  other  methods  such  as 
changing  medium,  changing  angle  of  incidence  and 
changing  azimuth  of  sample  is  developed.  The  system 
is  controlled  by  computer.  A  package  of  integrated 
window  software  is  developed.  This  system  has  be 
used  in  studying  the  optical  properties  of  anisotropic 
materials.  Some  results  are  presented. 

Fig.l  shows  the  VMAE  measuring  system. 
Based  on  the  RAE  system,  many  other  parts  are  ad¬ 
ded  such  as  a  adjustable  quadruple  dimensional  sam¬ 
ple  stage,  DC  servomoter  with  tachogenerator  which 
rotating  the  sample  stage,  high-accuracy  servo  sys¬ 
tem  to  drive  the  motor  and  A/D  ,  D  /  A  interface 
circuit  to  control  the  servo  system.  In  the  amplifier 
circuit,  multi-function  filter  as  well  as  high  stability 
low  noise  power  are  added. 

Sample  is  placed  on  sample  stage  in  proper 
height  and  kept  horizontal  constantly  during  rotating 
process.  He-Ne  laser  with  632.8  nm  wavelength  is 
turned  into  linear  polarized  light  through  polarizer 
and  became  elliptic  polarized  light  after  reflecting 
from  the  sample  surface.  By  rotating  analyzer  to  pro¬ 
cess  photometric  Furrier  analysis  on  elliptic  polarized 
light,  the  ellipsometric  parameters  (  ij/,  A,  )  can  be 
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obtained.  For  isotropic  materials,  the  required  opti¬ 
cal  parameters  can  be  determined  by  solving  the 
ellipsometric  equation  directly  .  As  for  anisotropic 
materials,  since  the  number  of  the  unknown 
parameters  increased,  it  is  required  to  get  enough  in¬ 
dependent  equations  by  measuring  in  different  me¬ 
dium,  incident  angle  and  azimuth  of  sample  etc.  so  as 
to  set  up  the  surmount  equation  group.  The  equation 
group  can  be  solved  by  a  PC  type  computer  com¬ 
bining  direct  optimization  methods  to  determine  the 
optical  parameters  of  materials. 

Theory 

For  a  RAE  system,  the  relative  intensity  of  the 
beam  passed  through  the  analyzer  is: 

I  =  Kji KjCos2a -h  KjSin2a  (!) 

where  a  is  the  analyzing  angle,  K,,  .  K,  .  Kj  are 
Furrier  coefficients.  If  n  points  are  measured  at  the 
same  interval  of  angle  while  a  is  between  0  degree  and 
180  degree,  then  : 

•'.-si/. 


K  -  Zr,cos2a. 
K  =  -  ZTsin2a, 


where  is  the  relative  intensity  of  the  beam  at 
The  ellipsometric  parameters  are  given  by: 

,  /(K.+K.)  _ 


ij/  =  arctg 


/ctgP  ; 


A  =  arctg  J - ^ -  (3) 

where  p  is  polarizing  angle. 

The  ellipsometry  equation  is: 

iA  R 

^  (4) 

• 

where  Rp  (R,  )  are  the  complex  Fresnel  reflection 
coefficients  of  p  light  and  s  light  respectively.  The 
light  is  called  p  light  when  it''s  electrical  vector  E  is 
paralle  to  the  incident  plane,  and  called  s  light  when 
perpendicular  to. 

For  anisotropic  materials  the  4  *  4  ranks  matrix 
method  is  used,  Which  is  formulated  by  Billard, 
Teitler,  Henvis  and  Berreman  '  *'  .  After  a  series  of 
complicated  deduction  ,  an  equation  canbe  ob¬ 
tained,  which  only  comprises  the  incident  field  and 
reflective  field,  that  is: 


^pp  Rps 
^SP  ^ss 


rE  1 

E 

L  KS  J 

— ,  i=I,2,...n. 
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Refers  to  equation  (4),  it  can  be  obtained: 
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Figure  1  The  VMAE  measuring  system  block  diagram 
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when  polarizing  angle  is  45  degree,  E,,/  Eip=-  1,  then 

(7) 


tg^e 

RsP  +  Rss 


The  right  side  of  equation  (7)  is  a  complicated 
implicit  function  comprising  the  required  optical 
parameters.  For  several  anisotropic  materials  (as 
shown  in  Fig. 2),  such  as  bulk  and  film  materials 
whose  optical  axis  is  parallel  or  perpendicular  to  the 
sample  surface. 


Fig. 2  several  primary  anisotropic  materials 

In  consideration  of  the  most  complicated  case, 
equation  (7)  can  be  expressed  as  follows: 

tg^e’‘"  =  F(N,p,N,g,N^p,N^^,Np,<I),>l,D,a)  (8) 

where: 

Nio  .  N,e  are  the  complex  refractive  index 
of  the  film  layer; 

^20  I  ^25  are  the  complex  refractive  index 
of  the  substrate; 

Nq  is  the  refractive  index  of  surroundings 
medium; 

<I>o  is  the  incident  angle  of  light; 

X  is  the  wavelength  of  light; 

D  is  the  thickness  of  film; 
a  is  the  angle  between  the  optical  axis  of 
uniaxial  materials  and  the  incident  plane; 

In  Equ.8,  Ng  ,  <I>o  ,  X,  a  are  all  known 
parameters,  the  others  are  to  be  determined.  In  order 
to  solve  the  equation,  enough  independentequations 
are  needed,  which  can  be  obtained  as  the  following 
approach: 

I.  replacing  the  surroundings  medium, 

(changing  Ng). 


II.  altering  the  incident  angle  of  light, 

(changing  ^g). 

III.  changing  the  wavelength  of  light, 

(changing  /.g). 

IV.  adjusting  the  azimuth  angle  of  sample. ag. 

Using  the  above  methods,  a  group  of  (i>.  A)  are 
obtained  to  form  surmount  equation  group.  The  re¬ 
quired  optical  parameters  are  determined  by  using  di 
rect  optimization  methods  to  solve  the  equation 
group*'®' 


Integrated  window  software 

In  computer  calculation,  the  following  environ¬ 
ment  need  to  be  set  upin  software: 

(1)  attribute  of  the  materials  (isotropic  or 
anisotropic); 

(2)  orientation  of  the  optical  axis  (parallel,  per¬ 
pendicular  to  sample  surface  or  arbitraray 
oriented  ); 

(3)  the  form  of  materials(bulk  or  film  materials); 

(4)  the  property  of  the  film  layer  (absorbent  or 
unabsorbent); 

(5)  the  property  of  the  substrate  (isotropic  or 
anisotropic); 

(6)  the  option  of  optimization  methods  (Powell, 
Palmer  or  Rosenbrock); 

(7)  the  option  of  measurement  methods 
(multi-medium,  multi-angle  etc.); 

(8)  the  origin  of  the  data(from  the  computer  or 
input  by  keyboard); 

And  it  should  be  finished  to  set  up  system  con¬ 
stants,  start  value  of  variable,  printer  etc..  As  to  such 
a  complicated  software  architecture,  the  structural 
design  method  is  adopted.  The  whole  system  is  sepa¬ 
rated  into  several  functional  modules,  every  module 
fits  for  its  own  function,  then  they  are  integrated  into 
a  multi-window  environment  by  means  of  standard 
data  structure.  Several  primary  modules  are  as  fol¬ 
lowing: 

(1)  system  initializing  module 

(2)  multi-window  menu  module 

(3)  function  executing  module 

(4)  testing  and  controlling  module 

(5)  data  collecting  module 

(6)  parameters  calculating  module 
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Experimental  results 

Using  the  system,  the  optical  properties  of  sever¬ 
al  kinds  of  samples  are  measured.  The  results  are 
shown  in  following  tables: 


Table  1  LiNb03(Y  cut)  anisotropic  optical  constants 
(bulk  materials) 


Times 

N. 

Theory  Val-j 

1 

2.30+0.30i 

2.24+0.26i  ’ 

ue  ‘i 

2 

2.28-l-0.35i 

2.23-H0.40i 

j 

N  -2.29  ? 
N.-2.21  I 

.  .  \  \ 

2.30+0.27i 

[  2.25+a29i 

4 

2.29+0.32i 

2.23+0.25i 

[_J . : 

2.28+0.40i  1 

2.24-t-0.33i 

1 _ _ _ _  . 

j; 

L .  . ^ii 

Table  2  the  results  of  PLZT  sample(8  /  65  /  35) 


times 

n 

k 

Theory  ValJ 

1 

2.45 

0.44 

ue  i 

2 

2.46 

0.40 

n  =  2.50 

3 

2.46 

0.42 

4 

2.44 

0.42 

Table  3  the  results  of  difierent  MOCVD  Ti02film 
samples 


Sample 

k 

D(nm) 

30/  550C 

1.885 

0.400 

89.60 

35/  550t: 

1.898 

0.399 

100.2 

40/550t: 

1.909 

0.367 

108.7 

45/550t; 

1.915 

r  0.359 

113.5  i 

As  shown  in  the  above  tables,  experimental  re¬ 
sults  are  in  goodagreement  with  previous  values 
measured  by  other  method. 

Conclusions 

(1)  Based  on  RAE  system,  a  new  VMAE  system  has 
been  built.  The  system  is  controlled  by  a  comput¬ 
er  and  can  be  used  to  measure  the  optical 
parameters  of  isotropic  as  well  as  anisotropic  ma¬ 
terials. 

(2)  A  integrated  window  software  based  on  the  ad¬ 
vanced  structural  design  has  been  set  up.  It  is 
multi-functional,  friendly  to  user  and  easy  to  ex¬ 
tend. 

(3)  On  the  basis  of  direct  optimization,  a  set  of  calcu¬ 
lation  module  software  for  determination  of  nu¬ 


merical  values  of  optical  parameters  of 
anisotropic  materials  has  been  set  up. 

(4)  The  measurement  precision  of  the  system  has 
been  investigated. Experimental  results  are  in 
good  agreement  with  previous  values. 
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OPTICAL  PROPERTIES  OF  LiNbO,  WITH  ION  IMPLANTATION 
AND  TITANIUM  THERMAL  DIFFUSION 


YOU  Boqiang,  ZHANG  Liangying  and  YAO  Xi 
Electronic  Materials  Research  Laboratory 
Xi'an  Jiaotong  University,  Xi'an,  710049,  China 


Optical  properties  of  LiNbOj  single 
crystal  with  ion  implantation  and  titanium 
thermal  diffusion  are  studied.  The  focus  of 
this  paper  is  to  compare  the  separate  and 
combined  effect  of  the  two  processes. 
Titanium  film  on  LiNbOj  was  prepared  by 
conventional  sputtering  technique  and  CVD 
method.  Thermal  diffusion  was  achieved  by 
annealing  in  atmosphere  under  various 
temperatures.  The  optical  property  of  Ar 
implanted  sample  is  close  to  isotropic.  For  a 
Ti  film  in  thickness  of  20nm,  5  hours  are 
needed  to  diffuse  in  completely.  The  optical 
property  of  Ti  diffused  sample  is  still 
birefringence  with  Increased  by  10-12%  and 
N*  by  8-10%.  Negative  birefringence  and  small 
light  loss  can  be  achieved  on  the  samples 
treated  by  Ti  thermal  diffusion  combined  with 
successive  Ar  implantation,  which  is  very 
useful  for  waveguide  applications. 


With  the  development  of  ion  implantation 
and  thermal  diffusion  technology,  more  and 
more  optical  devices  such  as  optical 
waveguide,  directional  couplers,  switches, 
modulators  and  isolator  etc.  have  been 
successfully  prepared  by  surface  modification 
of  lithium  niobate. 

Several  different  techniques,  e.g.  HjO 
out-diffusion,  ion  exchange,  can  be  used  to 
prepare  optical  devices.  Among  them  the  Ti 


in-diffusion  and  Ti  ion  implantation  process 
have  been  receieved  the  greater  attention 
owing  to  their  advantages.  Some  devices  have 
been  made  by  the  diffusion  m<^thod  for  its 
simplicity,  easy  and  cheap  in  making;  and 
others  are  made  by  the  latte-  method  for 
taking  advantages  of  ion  implantation  such  as 
the  control  over  implanted  ions  is  easy,  is 
not  confined  by  atomic  solubility,  scaly 
diffuse  in  cross  section’'^"’. 

In  this  paper  we  will  discuss  the 
combination  effect  of  Ti  thermal  diffusion 
and  Ar  ion  implantation  techniques.  The 
optical  properties  of  separate  and  combined 
effect  of  the  two  processes  will  be  shown. 


X,Y  and  Z  cut  optical-grade  LiNbOj  single 
crystal  wafers  were  cleaned  with  HF  acid, 
sputtered  with  Ar  ion  and  then  washed  with 
HF:3HNOj.  Titanium  film  on  the  samples  were 
achieved  by  using  conventional  sputtering 
technique  •  IKeV;  .25h; 

^«-bo»rd~®*  ^R-gr  i  d“^  ®  ' 

sputtering  for  5,  10,  15,  18,  25,  35min.  at 
Ar  atmosphere)  and  CVD  method  respectively. 
Then  the  samples  were  implanted  with  Ar  ion 
at  650keV  energy  and  2*lo’‘/cm^  dose  at  room 
temperature.  The  samples  were  annealed  under 
a  dry  oxygen  atmosphere  at  900®C,  1000°C,  and 
1050°C  for  0.25,  0.5,  1,  2,  3  and  5  hours 
respectively. 

The  optical  properties  of  the  samples 
were  measured  by  anisotropic  ellipsometry 
using  which  is  developed  by  EMRL  of  Xi'an 
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Jiaotong  University  of  China*. 


The  thickness  of  Ti  film  on  the  LiNbOj  sample 
changes  with  the  sputtering  time  as  shown  in 
figure  1.  The  sputtering  rate  also  depend 
accelerate  voltage  and  working  current.  The 
curve  is  linea  before  lOmin.,  then  with  the 
sputtering  time  increases,  becomes 

quadratic. 

Thermal  diffusion  effect 

As  show  in  table  1  and  table  2,  when 
temperature  is  lower  then  the  Curie  point  of 
the  crystal,  the  higher  the  temperature,  the 
easier  the  thermal  diffusion  takes  place.  For 
a  Ti  film  thickness  of  20nm,  at  least  5  hours 
are  needed  to  diffuse  in  completely.  Effect 
of  thermal  diffusion  is  also  affected  by  the 
heating  rate.  In  our  experiment,  from 
fastest  heating  rate  at  I2‘’c/min  to  slowest 
S'C/min  effect  of  thermal  diffusion  could  be 
changed  by  10%. 

The  ordinary  and  extra-ordinary 
refractive  indexes  N,,  and  can  be  increased 
by  10%  and  12%  for  sputtered  sample  or  8%  and 
10%  for  CVD.  The  difference  of  optical 


Table  1  Comparison  of  difforemt  diffusion  times  at  1000 C  (thickncss=20nm) 


Time 

Ti  film  from  Sputter  method 

Ti  film  from  CVU  method 

1  hr 

Ti  film  still  on  the  sample 

sample  is  dark 

2  hr 

stage  ol  Ti  film  is  visible 

sample  become  yellowish 

sample  color  has  some  difference 

sample  color  has  some  difference 

optical  sample 

optical  sample 

Table  2  comparison  of  differemt  diffusion  effect  at  900X^  and  lOOOX) 


Time 

900  "C 

1000 1 

2  hr 

Ti  film  still  on  the  sample 

stage  of  Ti  film  is  visible 

3  hr 

stage  of  Ti  film  is  visible 

sample  color  has  some  difference 

B  hr 

sample  color  has  some  difference 

optical  sample 

8  hr 

optical  sample 

optical  sample 
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RESULTS  AND  DISCUSSION 

Relationship  of  titanium  film  thickness  _and 
sputtering  time 


5  10  16  20  26  30  36 

Figure  1  Thickness  of  Ti  film  on 
LiNbOj  Sample  with  sputtering  time 


Flgur*  2  Comparison  of  Optical  Property 
of  the  Samples 


Figure  3  Comparison  of  Optical  Property 
of  Ne  ImplantecI  and  Ti  Diffused  Samples. 


refractive  indexes  between  them  are  due  to 
the  difference  of  the  Ti  film  on  the  samples. 
The  results  of  refractive  indexes  N,  and  N,  , 
thickness  D  and  light  loss  K  change  with  the 
sputtering  time  as  shown  in  figure  2.  With 
the  sputtering  time  increases,  the  sputtered 
film  on  the  sample  becomes  smooth  and 
uniform,  then  the  refractive  index  can  be 
increases  by  6.9%  to  8.9%;  decreased  form 
21%  to  18%;  the  effective  ? ight  thickness 
increases  and  light  loss  decreases. 

Optical  orooertv  of  Ne  ion  imolantated  and  Ti 
diffused  samples 

The  comparison  of  optical  property  of  Ne 
ion  implantation  and  Ti  diffusion  combined 
with  Ne  ion  implantation  is  shown  in 
figure  3.  Surface  amorphous  damage  can  be 
induced  by  the  Ne  ion  implantation.  The 
samples  become  almost  isotropic  (N^  =  N^) ,  the 
extra  ordinary  refractive  index  changes  more 
fast  than  ordinary  refractive  index.  Then 
samples  N,  greater  than  N„  can  be  obtained  by 
combined  Ne  ion  implantation  with  Ti 
diffusion. 


The  similar  results  can  also  be  obtained 
for  V-cut  and  Z-cut  samples.  The  change  of 
refractive  indexes  of  Y-cut  samples  is  more 
significant  after  Ne  implantation,  induced 
optical  anisotropy  also  occurs  (  N^=2.448  < 
N,=2.536,  optical  thickness  D=122.4nm,  light 
loss  K=0. 36  ) . 

CONCLUSION 

(1)  The  Ti  film  on  LiNbOj  the  sample  can  be 
prepare  by  sputtering  method  or  CVD  method. 
The  thickness  of  sputtering  film  on  the  I.iNbOj 
increases  linearly  at  first  then  becomes 
quadratic . 

(2)  Below  the  Curie  temperature,  the  higher 
the  diffusion  temperature,  the  faster  the 
thermal  diffusion  takes  place. 

(3)  At  least  5  hours  are  needed  to  diffuse  in 
20nm  Ti  film  on  the  LiNbOj  completely. 

(4)  The  refractive  index  of  LiNbOj  with  Ti 
diffused-in  can  be  changed  from  10%{12%)  to 
8%(10%)  for  N^(N^)  . 
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(5)  The  thicker  the  Ti  film  on  the  sample, 
the  less  the  light  loss  is. 

(6)  Isotropic  refractive  index  can  be 
obtained  for  Ne  implanted  LiNbOj  sample. 

(7)  Combined  Ti  thermal  diffusion  with  Ne  ion 
implantation  can  change  the  anisotropic  of 
LiNbOj  (Ng  <  Nj) ,  and  achieve  low  light  loss. 
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OPTICAL  PROPERTIES  OF  PbTi03/EP0XY  0-3  FINE  COMPOSITES 
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Abstract:  Ultrafine  PbTi0  3(PT)  powder  has  been 
made  using  the  Sol-Gel  process.  PT/Epoxy  0-3 
composites  have  been  successfully  prepared  by 
application  of  an  external  DC  electric  field  during 
solidification  of  epoxy.  The  structure  and  optical 
properties  of  the  composite  materials  prepared  under 
various  electric  fields  are  carefully  analyzed  by  XRD 
and  optical  spectrum  technique  such  as  ultraviolet 
absorption  spectroscopy,  Raman  spectroscopy  and 
photoluminescence  spectroscopy.  Second  harmonic 
generation  (SHG)  by  the  composite  has  also  been 
observed.  The  effect  of  the  electric  field  on  the 
structure  and  optical  properties  of  the  composites  is 
discussed. 


Introduction 

There  has  been  a  significant  increase  of 
interest  in  new  and  multi-functional  nonlinear  optic 

and  electro-optic  materials  to  meet  very  rapid 
development  of  electronics  and  optoelectronics.  Fine 
composites  are  good  candidate  materials  for  solving 
the  problems  in  single  phase  materials  when 

optimizing  its  figure  of  merit  for  certain 

applications.  In  particular,  there  are  two  kinds  of 
size  effects  for  nanometer  materials:  the 

thermodynamic  size  effect  and  the  quantum  size 
effect  .  It  is  well  known  that  the  properties  of 
nanometer  materials  are  quite  different  from  their 
bulk  properties,  so  new  and  better  properties  might 
be  achieved  through  sum  and  product  effects  in  fine 
composite  materials. 

During  the  last  few  years  many  high- 
concentration  piezoelectric  ceramic-polymer 

composites  with  many  different  connectivity  patterns 
have  been  successfully  designed  and  fabricated  to 
make  an  improved  hydrostatic  pressure  sensor^. 
However,  almost  no  work  has  been  reported  on  the 
optical  properties  of  PT  ultrafine  powder/epoxy  fine 
composites  with  a  low  PT  powder  concentration  formed 
under  a  DC  electric  field  during  epoxy 
solidification.  In  the  present  work,  changes  of  XRD 
peaks  and  optical  properties  of  the  composites  are 
carefully  investigated  under  various  conditions. 

Experiments 

Ultrafine  PT  powders  are  successfully 
prepared  by  Sol-Gel  processing  using  lead  acetate  and 


titanium  buloxide  as  the  raw  materials.  The  powders 
obtained  are  in  soft  aggregation,  the  size  of 
agglomerates  being  about  200  to  300  nm.  Ultrasonie 
treatment  is  used  to  deaggregate  PT  powders.  The 
number  average  size  of  PT  powders  is  in  the  range  20 
to  80  nm  . 

To  prepare  fine  composites,  ultrafine  PT 
powders  are  dispersed  in  an  epoxy  matrix  according  to 

the  desired  weight  fraction,  then  mixed  with  ethanol 
and  ultrasonically  dispersed  for  30  minutes.  The 
mixture  is  then  heated  to  70‘’C  to  allow  complete 
solvent  volatilization  under  stirring  and  placed  in  a 

mould;  the  solid  composite  forms  through  a 
solidification  reaction  of  the  epoxy  mixture  under 
defined  conditions  in  an  applied  electric  field, 

samples  are  cut  and  polished  to  ensure  parallelism 
of  the  two  faces.  In  our  experiment,  the  weight 

fraction  of  the  ultrafine  PT  powder  in  the  composite 

is  l%(Wt)  unless  noted  elsewhere. 

The  structure  of  the  composite  is  examined 
using  a  Rigaku  D/max-IllA  X-ray 

diffractometer(XRD).  Ultraviolet  absorption  spectra 
are  analyzed  using  a  PELIT  UV/VIS  analyzer,  Raman  and 
photoluminescence  spectra  are  measured  by  a  SPEX-1403 
Raman  and  a  Perkin-Elemer  LS50. 


Results  and  Discussion 


1.  Structural  Analysis 

Fig.l  shows  the  variation  of  the  XRD  patterns 
of  the  composite  with  a  PT  weight  fraction  of  5%(Wt) 
and  a  solidification  field  of  0-400V/mm.  As  shown  in 
Fig.l,  the  intensity  of  I(001)/I(100)  increases  with 
increasing  solidification  field.  It  is  calculated 
from  Fig.l  that  the  I(001)/l(100)  ratios  under  the 


different  fields  are  about  0.50,  0.77,  0.74 
respectively.  The  results  indicate  that  the  PT 
particles  in  the  composite  are  oriented  along  C  axis. 
It  can  be  also  seen  from  Fig.  1  that  each  XRD  peak 
shifts  toward  lower  angle  with  increasing 
solidification  electric  field,  the  maximum  change  for 
(100)  peaks  is  0.213°,  the  average  change  is  0.0295°. 
C.  Muralidhar  et.al.  have  also  observed  the  shifting 
of  the  peaks  in  BaTiO  3/'polyvinylidene  fluoridc(PVDF) 
with  changes  of  composite  weight  fraction  formed 
under  internal  stress^.  However,  in  our  experiment, 
it  is  suggested  that  the  shift  of  peaks  are 
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attributed  to  the  action  of  both  internal  stress  and 
electric  field  force. 
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Fig.l.  XRD  patterns  of  the  composite  with  electric 
field  during  solidification 

(a)  E=0V/mm  (b)  E=200V/mm  (C)  E=400V/mm 


1)  Optical  absorption  spectra 

The  optical  absorption  spectra  of  various 
samples(d=0.23mm)  under  different  conditions  are 
shown  in  Fig. 2.  The  absorption  edge  of  the  epoxy  is 
quite  different  from  that  of  the  PT  ultrafine 
powders,  meaning  that  the  optical  absorption 
mechanism  is  quite  different.  Without  applying  an 
electric  field  during  solidification  as  in  Fig. 2(b), 
the  optical  absorption  edge  of  the  composite  exhibits 
characteristics  of  both  materials.  In  particular, 
when  the  external  electric  field  is  400V/mm  during 
solidification,  the  absorption  edge  of  the  composite 
apparently  shifts  toward  long  wavelengths  as  shown 
from  Fig. 2(d).  Extrapolating  the  absorption  to  zero 
from  Fig. 2,  the  gap  energy  of  the  composites  changes 
from  2.95eV  to  2.75eV  under  a  modertite  DC  electric 
field.  However,  in  our  experiment,  no  shift  of  the 
absorption  edge  of  the  epoxy  has  been  observed.  It  is 


250  450  650 

,i  ,  nm 


suggested  that  changes  in  the  absorption  edge  under 
an  external  electric  field  are  due  to  interactions 
between  the  electric  field  and  the  PT  ultrafine 
particles.  Some  works^  have  shown  that  the  absorption 
edge  of  semiconductors  shifts  with  application  of  an 
external  DC  electric  field.  Their  physical  mechanism 
will  be  studied  in  future  work. 


2)  Raman  spectroscopy 

Some  clues  to  the  bonding  in  complex  systems 
may  be  obtained  by  taking  Raman  spectra  measurements 
at  various  conditions,  which  is  an  important  tool  in 
studying  the  structure  changes  of  materials.  The 
Raman  spectra  of  the  PT  fine  particles,  epoxy, and 
PT/epoxy  are  shown  in  Fig. 3.  It  is  observed  from 
Fig. 3(a)  that  the  positions  of  Raman  vibration  of  PT 
fine  particles  are  in  very  close  agreement  with  those 
of  the  PT  bulk  ceramic”.  The  Raman  vibration  of  the 
epoxy  is  very  complex  due  to  the  large  molecular 
structure,  but  structure  changes  in  the  materials  can 
be  detected  by  comparing  changes  of  the  Raman  peaks 
at  different  stages.  From  Fig. 3(c)  the  Raman  peaks  of 
PT/epoxy  are  basically  the  same  as  a  sum  of  those 
peaks  from  PT  panicles  and  epoxy,  but  there  are  new 
peaks  appearing,  such  as  those  at  332  and  452cm'^. 
When  the  DC  electric  field  is  400V/mm,  the  Raman 
peaks  of  the  PT/epoxy  decreased,  some  of  peaks 
disappeared  such  as  those  at  332cm- 1  and  359cm'  ,  and 
some  of  peaks  shifted  toward  a  larger  wavenumber.  It 
indicates  that  structure  of  composites  can  be  changed 
by  two  phase  fine  composites  under  DC  electric  field. 
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Fig. 3  Raman  spectra  of  samples 
(a)  PT  powders  (b)  epoxy 

(c)  PT/epoxy(OV/mm) 

(d)  PT/epoxy(400V/mm) 


3)  Photoluminescence  spectra 


Fig. 2  Optical  absorption  spectra  of  sample 

(a)  epoxy  (b)  composite(OV/mm)  (c)  PT  powders 

(d)  composite(400V/mm) 


Photoluminescence  spectra(PS)  of  epoxy  and 
PT/epoxy  fine  composites  are  measured  at  room 
temperature.  Fig. 4(b)  is  the  PS  of  the  matrix,  and 


the  excitation  spectra  peaks  at  400  nm  when  the 
emission  band  is  at  434  nm  as  shown  in  Fig. 4(a),  PS 
peaks  are  460,470  nm  under  380nm  ,400nm  excitation, 
respectively.  There  is  about  a  10  nm  shift  of  PS 
peaks  between  different  emission  bands.  Fig. 5  is  the 
PS  of  PT/epoxy  {20wt%),  the  excitation  spectrum  peaks 
is  378nm  when  the  emission  band  is  at  434nm  from 

Fig. 5(a),  the  PS  peaks  are  425,  442nm  under  370, 
380nm  excitation,  respectively,  and  intensity  of  PS 
peaks  on  PT/epoxy  is  much  lower  than  that  of  the 
epoxy.  Moreover,  it  is  observed  that  the  PS  curves 
show  a  long  tail,  suggesting  a  broad  distribution  of 
PT  particle  sizes  dispersed  in  the  epoxy.  However,  in 
our  experiment,  no  PS  peaks  of  PT  powders  have  been 
observed  at  room  temperature.  Results  indicate  that 
PT  particles  have  a  strong  effect  on  the  PS  when  PT 
is  dispersed  in  the  matrix.  More  work  is  needed  to 
elucidate  this  problem. 


Fig. 4(a)  Excitation  spectrum  of  epoxy 
Em=434nm 


Fig. 4(b)  Emission  spectra  of  epoxy 

1. E^=380nm 

2. E,=4{)0nm 


Fig. 5(a)  Excitation  spectrum  of  PT/epoxy 
E^=434nm 


FIG. 5(b)  Emission  spectra  of  PT/epoxy 

1. E^=370nm 

2. Ejj=380nm 


4)  SHG  measurement 

Second  harmonic  generation(SHG)  by  the 
PT/epoxy  fine  composites  has  been  observed.  The 
relative  intensities  of  SHG  under  different 
longitudinal  electric  fields  are  shown  in  Fig. 6.  In 
the  experiment,  the  pump  laser  is  a  Nd:YAG  pulse 
laser  with  a  wavelength  of  1.06  urn,  a  single  pulse 
energy  of  lOOmJ,  a  pulse  duration  of  10ns  and  a 
repetition  rate  of  2  Hz.  A  dual  channel  ratio  energy 
meter  of  Rj-7200  is  used  to  reduce  fluctuations  of 
the  pulse  energy.  Experimental  results  show  that  the 
SHG  intensity  increases  with  increasing 
solidification  electric  field,  indicating  that  the 
SHG  efficiency  can  be  modulated  with  an  external  bias 
field  during  solidification. 
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Fig. 6  SHG  relative  intensity  of  samples  under  DC  bias 
field 


3.Discussion 

The  changes  of  the  optical  properties  of 
PT/epoxy  fine  composites  have  been  observed  due  to 
the  application  of  an  electric  field  during 
solidification.  Results  show  that  applying  such  a 
field  is  very  different  from  applying  an  electric 
field  to  the  sample  after  solidification.  According 
to  Furakawa  theory',  the  effective  field  Egff  acting 
on  an  isolated  spherical  grain,  as  a  function  of  the 
applied  electric  field  Ep  is  given  by 

Eeff _  3Ki 

Ep  [2Ki+K2+p(K,-K2)1 

where  Kj,K2,and  p  are  the  dielectric  constant  of  the 
polymer  matrix,  ceramic  filler,  and  volume  fraction 
of  the  filler,  respectively.  In  the  present  work, 

Kj=8,  K2=200,  p  =  0.0015,  so  the  effective  field  Egj-j- 
is  32.9v/mm  when  the  applied  electric  field  E_  is 
400V/mm.  This  is  much  lower  than  the  coercive  field 
of  PT  ceramics  (Ej,  =  675V/mm),  so  the  effects  of  the 

electric  field  on  the  composite  can  not  been 

explained  by  conventional  polarization  theory.  It  was 
observed  from  TEM  that  most  of  the  PT  ultrafine 

particles  are  ellipsoidal  ;  if  macro  polarization  of 
each  particle  is  along  the  long  axis  of  ellipsoid,  PT 
particle  is  subjected  by  a  force  couple  from  applied 
electric  field.  Lee  et.al.  discovered  that  most  of  PT 
ultrafine  particles  are  mainly  single  domain  when  the 
size  of  the  PT  particle  is  less  than  200nm®.  In  this 
case,  the  single  domain  particles  are  easily  oriented 
along  the  direction  of  the  poling  field  while  the 
viscosity  of  the  epoxy  is  still  low  before 
solidification.  This  result  has  been  observed  by  XRD 
experiment  of  composites.  Also,  research  results 
indicate  that  the  absorption  edge  and  Raman  spectra 
of  the  composites  all  change,  and  the  SHG  efficiency 


can  be  modulated  with  an  external  DC  electric  field 
during  solidification.  It  is  suggested  that  these 
properties  may  be  associated  with  a  coupling  effect 
between  nanopowders  and  the  external  electric  field. 
Other  nonlinear  optical  properties  such  as  DFWM  of 
the  fine  composites  is  being  investigated. 
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ABSTRACT 


In  this  paper,  we  report  dark  conductivity 
measurements  for  BaTiOs  and  Ce:  SBN;60  using 
photorefractive  two-wave  mixing  at  intensities  of  less 
than  10  mW  per  cm^.  These  are  the  first  such 
measurements  reported  at  extremely  low  levels  and  the 
first  measurements  reported  for  BaTiOa. 

I.  INTRODUCTION: 

There  is  a  growing  interest  in  the  study  of  noise 
reduction  techniques  and  noise-limited  image 
enhancement  using  photorefractive  two  wave  mixing  [1- 
4],  Photorefractive  Two  Wave  Mixing  (TWM)  refers  to 
the  exchange  of  optical  energy  between  two  mutually 
coherent  beams. [5]  Typically,  an  intense  pump  beam, 
Po,  and  a  much  weaker  signal  beam.  So,  are  recombined 
in  a  photorefractive  crystal  configured  such  that  energy  is 
transferred  from  the  pump  to  the  signal  beam.  Net 
photorefractive  gain  results  when  the  total  amount  of 
energy  received  in  the  signal  path  less  the  total 
contribution  to  the  noise  floor  is  greater  than  the  energy 
in  the  incident  signal. 

A  fundamental  limit  on  the  lower  bound  of 
photorefractive  gain  is  the  dark  conductivity,  o^.  Dark 
conductivity  refers  to  the  random,  thermally-induced 
motion  of  electrons  in  a  given  medium.  In 
photorefractive  interactions,  it  serves  as  an  "erasing" 
mechanism  that  can  impede  the  formation  of  desired 
gratings,  thereby  contributing  to  the  noise.  In  most 
photorefractive  TWM  experiments,  intensities  are 
relatively  high  (>100  mW/cm^).  Consequently, 
phenomena  such  as  the  formation  of  competing  gratings 
[6],  become  the  dominant  contributors  to  the  noise, 
overwhelming  the  contribution  from  dark  conductivity. 

As  the  total  intensity  used  in  TWM  experiments  is 


+  Dr.  Reintjes  is  with  the  Laser  Physics  Branch 

CH3080-0-7803-0465-9/92$3.00  ©IEEE 


decreased,  the  photocarrier  concentration  is  reduced  and 
the  dark  conductivity  can  become  a  significant 
contributor  to  the  noise.  Dark  conductivity 
measurements  for  BaTi03  and  Ce:SBN;60  at  extremely 
low  light  levels  were  made  using  photorefractive  two 
wave  mixing.  We  believe  that  these  are  the  first  such 
measurements  reported  at  these  low  light  levels  in  these 
materials.  In  this  paper,  we  show  that  dark  conductivity 
must  be  measured  using  low  intensity  data  collected  near 
the  TWM  noise  floor,  particularly  if  an  understanding  of 
contributions  from  different  sources  of  noise  is  pertinent. 
Dark  conductivity  computed  using  low  intensity  levels  in 
TWM  experiments  differs  from  that  computed  when  only 
high  intensity  data  is  included. 

II.  THEORY: 

As  previously  noted,  at  the  noise  floor  of  a  TWM 
interaction,  grating  formation  can  be  impeded  by  the 
finite  dark  conductivity.  Therefore,  for  low  light  level 
work,  it  is  necessary  to  determine  the  bound  imposed  by 
this  parameter  in  each  type  of  crystal  used.  Ewbank, 
et.al.  have  shown  that  a  a  can  be  determined 
experimentally  from  the  photorefractive  grating 
formation  time,  Xpr  [7].  This  parameter  is  the  time  it 
takes  the  signal  to  reach  (l-e  ')  of  its  steady-state  value 
during  two  wave  mixing.  Dark  conductivity  has  been 
measured  for  doped  samples  of  SBN  using  TWM  with 
incident  intensities  as  low  as  100  mW/cm^  and  as  high  as 
14  W/cm^  [7,8].  For  the  diffusion-driven  case,  i.e.:  no 
externally  applied  field,  and  in  the  limit  that  the  grating 
spacing,  Ag,  is  much  greater  than  the  diffusion  length,  Ld, 
XpR  is  given  by  the  inverse  of  the  dielectric  relaxation  rate 
and  can  be  defined  in  mks  units  as  [7]; 

,  ,  ,  1  /  { 1 

("PR)  =il®‘'+V~h^y  J  (!) 

where  e  is  the  dielectric  constant,  q  is  the  charge  of  the 
photocarrier,  X  is  the  wavelength,  a  is  the  absorption 
coefficient,  p  is  the  carrier  mobility,  is  the  carrier 
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relaxation  rate,  and  is  the  total  incident  intensity.  The 
value  of  the  dark  conductivity  for  a  given  crystal  can  be 
determined  from  the  y-intercept  when  1/tpr  is  plotted 
against  total  intensity,  Ipo+Iso-  Atl„=0: 


where  er  is  the  relative  dielectric  constant. 

To  verify  that  the  experiment  was  performed  under 
the  condition  that  Ag  »  2TtLd,  the  diffusion  length  of  the 
photorefractive  charge  carrier  was  calculated  from  this 
data  as  well.  This  calculation  requires  that  the  product  of 
the  mobility  and  the  relaxation  rate,  iitr,  is  obtained  from 
the  slope  of  the  graph.  From  this  product,  L<i  is 
determined  as  (7): 

Ld  =  VpiRkaT/q”  (3) 


III.  EXPERIMENT: 

The  dark  conductivity  was  measured  in  Ce:SBN:60 
and  BaTi03  over  the  intensity  range  from  90  pW/cm^  to 
0.33  W/cm^.  The  upper  end  of  this  regime  overlaps  with 
the  those  used  by  Ewbank  [7|  and  Vazquez  (81.  The 
Ce;SBN:60  was  obtained  from  Rockwell.  Its 
photocarriers  were  n-type.  The  BaTiOj  came  from  MIT 
and  its  photocarriers  were  p-type.  Carrier  types  were 
determined  using  the  pyroelectric  effect. 


The  bench  configuration  used  in  this  experiment  is 
shown  in  Fig.  1.  Tf;e  polarization  of  the  X=514.5  nm 
line  from  an  argon  ion  laser  was  rotated  with  a  half-wave 
plate  to  create  extraordinarily  polarized  light  at  the 
crystal.  The  beam  passed  through  variable  attenuators 
and  was  spatially  filtered  and  collimated  before  being 
split  into  a  strong  pump  beam  and  a  weaker  signal  beam. 
The  attenuator  in  the  signal  path  was  used  to  set  the 
beam  ratio,  Ipo/Ijo-  Mirrors,  Ml  and  M2,  directed 
the  1  mm  diameter  pump  and  signal  beams  to  the  crystal 
with  an  external  Bragg  angle  of  0bo=14°,  creating  a 
grating  spacing  equal  to  1  pm.  The  signal  power  was 
measured  with  a  photodetector,  P.D.  Data  acquisition  and 
control  was  done  with  an  HP9836  over  the  IEEE-488 
bus. 

The  total  intensity  was  varied  by  rotating  a  variable 
attenuator  in  the  common  path  while  the  ratio  Ip^ylso 
was  kept  constant  at  approximately  ICT*.  The  minimum 
intensity  level  that  was  used  for  each  material  was  the 
lowest  level  at  which  the  crystal  exhibited  TWM  gain. 
Two  wave  mixing  response  was  seen  for  signal  power 
levels  as  low  as  S^jp=20  pW  in  the  BaTi03  crystal  and 
Sn,in=35  pW  in  the  Ce:SBN:60  crystal.  Total  intensities 
at  these  lowest  light  levels  for  BaTi03  and  Ce:SBN:60 
were  9x10'^  W/cm^  and  5  x  10"*  W/cm^,  respectively. 

Typically,  when  BaTi03  is  used  in  TWM 
experiments,  the  crystal  is  rotated  in  the  b-c  plane  by  an 


Argon 

Laser 


Fig.I  Experimental  bench  configuration  used  to  measure  the  photorefractive  response  time  BaTi03 
and  Ce:SBN:60. 
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(a)  (b) 

Fig.  2  Photorefractive  grating  formation  rate  as  a  function  of  total  intensity  incident  on  Ce:SBN:60.  The  solid 
line  is  a  weighted  least  squares  fit  to  all  data  and  the  dashed  line  is  a  similar  Tit  to  the  high  intensity  data  only. 
In  2(b)  the  dashed  line  has  been  extended  to  allow  for  comparison. 


angle  p,  which  is  the  angle  between  the  grating  vector 
and  the  c-axis,  in  order  to  make  use  of  the  high  r42 
coefficient.  For  the  experiments  reported  here,  P  was  set 
to  30°  because  it  was  the  maximum  angle  of  rotation 
which  was  possible  due  to  the  combination  of  crystal 
dimensions  and  beam  diameters.  A  symmetric  geometry 
was  used  for  the  SBN  crystal  (P=0°)  to  exploit  the  high 
r33  coefficient.  The  BaTi03  and  Ce;SBN;60  had 
effective  interaction  lengths  of  Ljff=4.6  mm  and 
Ljf(=6.0  mm  respectively.  The  corresponding  absorption 
coefficients  were  a=0.04/mm  and  a=0.24/mm.  Multiple 
readings  were  taken  at  each  intensity  level  to  determine 
error  bars  and  overall  repeatability  of  measurements 

IV.  RESULTS: 

The  dark  conductivity  and  the  diffusion  length 
were  calculated  from  the  plot  of  Tp^  '  vs.  total  incident 
intensity  as  shown  in  Fig.  2.  The  considerable  scatter  in 
the  data  points  indicates  that  there  is  a  wide  range  of 
variation  from  one  measurement  to  the  next  ,  which  is 
typical  of  photorefractive  interactions.  At  the  highest 
intensity,  the  absolute  magnitude  of  the  scatter  is  100 
times  greater  than  at  the  lowest  intensity.  Consequently, 
it  is  necessary  to  use  a  weighted  least  squares  fit  which 
accounts  for  the  error  in  the  scatter  as  a  percentage  of  the 
predicted  value.  From  the  weighted  fit,  Cj  was  computed 
using  Eqn.  (2),  and  the  y-intercept.  Similarly,  Ld  was 
computed  using  Eqn.  (3)  and  the  slope,  as  previously 
described.  These  results  are  summarized  in  Table  I. 

The  value  of  for  the  SBN  sample  in  our 
experiment  is  smaller  by  over  an  order  of  magnitude 


compared  to  those  measured  by  Ewbank,  et  al,  for  similar 
crystals  [7].  That  group  reported  dark  conductivity 
measurements  ranging  from  a ^=2.0  x  10  ”  to 
o^=3.0  X  10  ”  for  3  samples  of  Ce:SBN:61.  We  found 
that  if  we  used  only  our  higher  intensity  data  points  for 
the  calculations  (lQ>10mW/cm^),  our  computations  for 
Oj  would  fall  within  their  range. 


Table  I.  Experimental  Results 


Ce;SBN:60 

BaTi03 

cm)-' 

9.2  X  10  ” 

5.4  X  10-'2 

jiTr  (cm^A') 

6.1  X  10” 

9.2  X  10  ” 

Ld  (A) 

126 

154 

In  Figure  2a,  the  dashed  line  is  a  weighted  fit  to 
the  high  intensity  data  only.  Tlie  solid  line  was  fit  to  all 
of  the  data.  As  can  be  seen  from  the  grapi.,  the  two  lines 
appear  to  converge  at  the  ordinate  axis,  however,  a 
closer  examination  of  the  y-intercepts  is  obtained  from 
the  graph  shown  in  Fig  2b.  The  divergence  in  the  y- 
intercepts  translates  to  a  difference  of  the  order  of  30  for 
computed  values  of  Oj  in  this  work. 

Because  dark  conductivity,  by  definition,  is  the 
conductivity  when  the  intensity  goes  to  zero,  we  would 
expect  that  the  more  accurate  value  of  would  be 
obtained  from  the  lower  intensity  mtasurements.  In 
lower  intensity  regimes  knowing  a  noise  bound  to  more 
accurate  levels  can  be  critical.  These  results  indicate  that 
dark  conductivity  should  be  computed  from 
measurements  taken  in  the  working  regime  of  interest  or 
the  contribution  from  may  be  overestimated. 
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Incident  Intensity  (W/cm^) 


Fig.  3  Photorefractive  grating  formation  rate  as  a 
function  of  total  intensity  incident  on  Ce:SBN:60  and 
BaTiOj  for  extremely  low  light  levels. 

The  slopes  of  the  lines  and  therefore  the  diffusion 
lengths  for  a  given  crystal  also  differ  depending  on 
whether  the  low  intensity  data  was  used  in  their 
calculation.  The  implication  from  the  data  is  that  at  the 
lower  intensity  levels,  Ld  is  greater;  hence,  the  bound  on 
the  geometry  will  be  different,  which  can  impact  overall 
bench  configurations. 

Grating  formation  rates  measured  in  this 
experiment  are  plotted  as  a  function  of  total  incident 
intensity  for  BaTi03  and  Ce:SBN:60,  in  Figure  3.  This 
figure  shows  the  low  intensity  regime  which  is  of 
particular  interest  in  the  investigation  of  noise  sources. 
As  in  Figure  2,  the  straight  lines  represent  weighted  least 
squares  fits  to  all  of  the  data.  The  y-intercepts  and  slopes 
of  these  two  lines  are  considerably  different  because  of 
the  differing  response  times  of  the  two  photorefractive 
crystals.  In  this  case,  the  BaTiOj  was  approximately  6 
times  faster  than  the  Ce:SBN:60  in  the  intensity  regime 
of  interest.  These  results  are  in  contrast  with  those  of 
Ewbank,  et.al.,  who  report  that  the  response  rate  of 
BaTi03  was  approximately  one  third  the  rate  of  the 
Ce:SBN:61  crystals  under  study[7]. 

V.  CONCLUSIONS: 

We  have  shown  that  the  most  accurate 
measurements  of  dark  conductivity  are  made  when  the  y- 
intercept  is  computed  using  weighted  least  squares  fit 
including  measurements  taken  near  the  noise  floor  for 
two  wave  mixing  interactions  in  a  specific  crystal.  Such 
a  bound  is  important  to  determine  experimentally  when 
seeking  to  understand  noise  mechanisms  in  a  given 
photorefractive  medium. 


We  report  Od=9.2  x  10  *^  (Q  cm)  *  for  Ce:SBN:60 
and  o^=5A  x  10'*^  (Q  cm)  '  for  BaTi03  when  intensities 
less  than  10  mW/cm^  are  included  in  the  calculation. 
Our  results  also  indicate  that  diffusion  length  varies  with 
intensity  regime.  Therefore,  experimental  configurations 
may  be  impacted  as  well. 

Simple  exponential  models  for  thermal  healing 
cannot  accouni  for  the  magnitude  of  change  observed  in 
Ojj.  Possible  mechanisms  to  account  for  this  change  are 
the  subject  of  further  study. 
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ABSTRACT 

We  report  measurements  of  image  amplification  at 
extremely  low  light  levels  in  BaTiOj  using 

photorefractive  two  wave  mixing.  We  observed  image 
amplification  for  signal  levels  as  low  as  20  pW  with  a 
Fresnel  number  of  3X2.  Comparisons  of  Fourier  and 
direct  imaging  show  that  amplification  of  the  Fourier 
transform  of  the  image  provides  improved  image  quality 
and  field-of-view  at  the  lowest  light  levels. 

1.  INTRODUCTION 

Image  amplification  using  photorefractive  Two 
Wave  Mixing  (TWM)  is  well-known. [  1,2]  In  TWM,  two 
mutually  coherent  beams  of  light  are  combined  in  a 
photorefractive  material  in  a  configuration  that  enables 
light  to  couple  from  one  beam  to  the  other.  Typically, 
one  beam  (signal)  is  much  weaker  than  the  other  (pump) 
and  carries  a  spatial  distribution  (the  image)  to  be 
amplified  through  coupling  with  the  stronger  pump  beam. 
At  extremely  low  light  levels,  the  quality  of  such  an 
amplified  image  is  affected  by  scattering  from  defects  in 
the  crystal,  such  as  scratches,  cleaves,  and  embedded 
scattering  centers.  These  defects  can  degrade  the  image 
directly  through  obscuration  and  distortion.  In  addition, 
the.se  scattering  centers  can  set  up  competing  TWM 
gratings  that  contribute  noi.se  to  the  amplified  image  by 
scattering  pump  light  into  the  solid  angle  of  the  amplified 
image.  This  effect  is  known  as  beam  fanning. 13|  Ihe 
competing  gratings  can  also  give  rise  to  nonuniform 
ampiification(4|,  and  can  reduce  signal-to-noi.se[5]. 
consequenoy  limiting  minimum  detectable  signal  levels. 

Various  techniques  for  reducing  the  noise  in 
photorefractive  TWM  have  been  reported(6-9|.  The 
lowest  signal  level  reported  to  date  for  image 
amplification  is  70  pW  in  BSO  which  was  achieved 
using  crystal  rotation  to  reduce  noise[9|.  In  this  paper,  we 
examine  image  amplification  in  BaTiO^  at  extremely  low 
light  levels.  Image  amplification  was  observed  down  to 
signal  levels  of  20  pW.  We  compare  images  obtained  by 
amplifying  the  direct  image  of  an  object  with  images 
obtained  by  amplification  of  the  Fourier  transform.  The 
results  indicate  that  the  gain  and  image  quality  are  both 
higher  with  the  Fourier  imaging  technique  than  with  the 
direct  imaging  technique. 

Extremely  low  light  image  amplification  using 
photorefractive  TWM  requires  that  GnI,so>ls-N'  where  Gn 
is  photorefractive  net  gain.  Iso 's  incident  signal  intensity. 
Is  is  the  total  intensity  received  in  the  signal  path,  and  N 
IS  noi.se  defined  as  characteristics  which  degrade  the  true 


image.  Gn  is  related  to  the  photorefractive  gain,  G,  by 
the  ratio  of  Lo  to  the  signal  propagated  through  the 
crystal  with  no  pump  present,  or  Gn  =Gls(no  P/Iso-  The 
photorefractive  gain.  G,  is  a  function  of  beam  ratio, 
geometry,  electro-optic  characteristics,  dark  conductivity 
and  absorption.  It  is  defined  as; 

c- _ _  n\ 

l-t-mexpKa-DLeffl  ^ 

where  m=Ipo/lso,  Ipo  is  the  incident  pump  intensity.  Iso  is 
the  incident  signal  intensity,  Leff  is  the  effective 
interaction  length,  a  is  the  ab.sorption  coefficient,  and  F 
is  the  exponential  gain  coefficient  defined  in  terms  of 
material  parameters  and  geometry  ]  lOj. 

The  amount  of  the  noise  diffracted  into  the  signal 
from  the  pump  due  to  beam  fanning,  can  be  reduced  by 
decreasing  the  Fresnel  number  of  the  TWM  amplifier, 
such  that;  F#=AALefT.  where  A  is  the  area  of  the  pump 
beam,  X  is  the  wavelength,  and  Leff  >s  the  effective 
interaction  length  of  the  amplifier]  1 1  j.  In  imaging 
systems,  a  lower  limit  on  the  F#  is  set  by  the  desired 
image  resolution,  Con.sequently,  there  is  a  compromi.se 
between  resolution  and  reduction  of  noise  level.  For 
resolution  that  supports  standard  video  imaging,  an  F#  of 
the  order  of  4(X)  is  suitable. 

The  noise  level  in  the  amplified  image  can  al.so  be 
affected  by  the  imaging  geometry.  If  the  direct  image  of 
an  object  is  amplified  and  then  reimaged  onto  a  detector, 
the  noise  generated  in  the  crystal  will  also  be  imaged  into 
the  same  area.  If  the  Fourier  Transform  of  the  object  is 
amplified  and  the  image  of  the  object  is  subsequently 
reconstructed  at  the  detector,  the  noi.se  generated  in  the 
crystal  will  be  transformed  at  the  detector.  In  this 
situation,  small  scale  defects  in  the  crystal  will  not  appear 
directly  in  the  reconstructed  image.  In  addition,  the  noise 
generated  from  beamfanning  will  be  spread  over  an  area 
corresponding  to  the  spread  of  spatial  frequencies 
accepted  by  the  I'WM  amplifier.  The  area  over  which 
the  noise  appears  in  the  reconstructed  image  plane  can  be 
larger  than  the  area  of  the  re-transformed  image,  resulting 
in  an  increase  in  the  signal-to-noise  ratio  within  the 
recovered  image. 

11.  EXPERIMENT 

The  experimental  apparatus  used  in  the  experiments 
reported  here  is  shown  in  Fig.  1 .  A  beam  from  an  argon 
ion  laser  was  directed  through  polarizing  optics,  a 
variable  attenuator,  a  spatial  filter,  collimating  optics,  and 
an  iris  to  form  a  3  mm  diameter  beam  in  the  shape  of  an 
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FIG.  1.  Experimenta!  interferometer  for  photorefractive  image  amplification  using  two  wave  mixing. 
Upper  box  shows  configuration  used  for  Fourier  imaging;  inset  shows  optics  used  in  direct  imaging. 


Airy  disk  at  a  wavelength  of  X  =  514.5  nm.  The  primary 
beam  was  then  split  into  a  strong  pump  beam,  P^j,  and  a 
weaker  signal  beam,  S^,  with  a  10:1  reflecting  beam 
splitter.  The  pump  beam  was  directed  through  a  reducing 
telescope  consisting  of  lenses  LI  and  L2  by  mirror  Ml  to 
form  a  1  mm  diameter  beam  at  a  BaTi03  crystal.  The 
signal  beam  passed  through  an  additional  attenuator  to  set 
the  beam  ratio  and  was  then  directed  to  the  BaTi03 
crystal  by  mirror  M2. 

An  image  was  placed  on  the  signal  beam  with  an  Air 
Force  resolution  chart.  Depending  on  the  measurements 
being  made,  either  the  image  of  the  resolution  chart  was 
relayed  to  the  BaTi03  crystal  with  lenses  L5  and  L6,  or 

the  Fourier  transform  of  the  resolution  chart  was  formed 
at  the  crystal  by  lens  FTl.  When  the  direct  image  was 
amplified,  the  diameter  of  the  signal  beam  was  reduced  to 
1  mm  with  lenses  L5  and  L6  to  match  the  pump  beam 
diameter.  When  the  Fourier  transform  configuration  was 
used,  the  central  disk  of  the  transform  was  =3 1 .6  pm  in 
diameter,  corresponding  to  about  1/30  th  of  the  pump 
beam  diameter.  This  latter  geometry  enabled  high  spatial 
components  containing  information  about  the  image 
structure  to  be  subtended  by  the  pump  beam. 

The  image  in  the  amplified  signal  beam  was 
detected  with  a  Cohu  CCD  camera  and  a  computerized 
image  processor.  Using  the  direct  method,  the  amplified 
image  of  the  chart  was  transferred  to  the  CCD  camera 
with  imaging  lenses  L7  and  L8.  When  the  Fourier 
transform  of  the  chart  was  amplified,  the  image  was 
reconstructed  with  lens  FT2  and  was  then  transferred  to 
the  CCD  camera  with  lenses  L3  and  L4.  An  aperture 


between  lenses  L3  and  L4,  or  lenses  L7  and  L8  reduced 
the  scattered  light  transferred  to  the  camera. 

The  aperture  of  the  BaTiOs  crystal  was  3\5  mm. 
For  this  crystal  and  geometry,  the  effective  interaction 
length,  Leff,  was  4  mm,  and  a=0.04  mm'*.  The  dark 
conductivity  was  9.2E(-13)  per  ohm-cm,  as  determined 
by  the  technique  of  Ewbank,  et.  al.[12]  at  the  extremely 
low  light  levels  u.sed  in  these  experiments.  The  pump 
and  signal  beam  were  extraordinarily  polarized  with 
respect  to  the  c  axis  and  the  external  Bragg  angle  was 
14°.  The  bisector  was  rotated  30°  with  respect  to  the  c 
axis  which  was  the  maximum  permitted  by  the  crystal 
dimensions.  At  this  ratio,  T  at  saturation  was  1.25/mm. 
The  Fresnel  number  for  this  geometry  was  F#=382, 
corresponding  to  approximately  (382)^  resolvable  spots 
in  the  image. 

Measurements  of  the  photorefractive  gain  and  the 
amplified  images  were  made  for  both  the  Fourier  and 
direct  imaging  configurations  as  a  function  of  total 
power.  The  incident  power  was  varied  over  the  range 
from  8.2pW  to  0.88pW  by  adjusting  the  variable 
attenuator  in  the  primary  beam  before  the  beam  splitter. 
The  ratio  of  powers  in  the  pump  and  signal  beams  was 
signal  set  to  26000:1  by  adjusting  the  attenuator  in  the 
signal  beam  after  the  beam  splitter.  This  ratio  was  kept 
constant  throughout  the  experiments.  The  value  of  m  at 
the  crystal  was  approximately  26000:1  for  the  direct 
imaging  measurements.  For  Fourier  imaging,  m  is 
estimated  to  be  on  the  order  of  35:1  in  the  central  lobe  of 
the  transformed  image,  if  it  is  assumed  that  the 
transformed  image  is  comparable  to  an  Airy  disk. 
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A  similar  set  of  pictures  is  shown  in  Fig.  3,  for 
Fourier  image  amplification  with  S(no  pump)  =  20  pW 
(Fig.  3a);  and  for  direct  imaging  with  S(no  pump)  = 
27  pW.  These  were  approximately  the  lowest  incident 
powers  at  which  viable  amplified  images  could  be 
detected  for  each  technique.  Again,  the  image  structure 
was  5  line  pairs  per  mm.  The  integrated  gain  for  both 
methods  as  measured  with  the  photo  diode  was  about  4. 

A  compari.son  of  the  images  obtained  by  direct  and 
Fourier  imaging  shows  that  the  Fourier  images  had  a 
larger  field-of-view  and  could  be  detected  at  lower  signal 
intensities  than  the  direct  images.  The  field-of-view  for 
direct  imaging  is  controlled  by  the  diameter  of  the  pump 
beam,  Dp,  relative  to  that  of  the  signal  beam,  Dj.  For 
these  experiments,  the  pump  beam  profile  was 
approximately  Gaussian  and  therefore  formed  an 
apodizing  filter  for  the  image.  The  diameters  were 
matched  1:1.  Effective  amplification  was  observed  over 
the  central  470pm  of  the  pump,  which  coincides 
approximately  with  the  1/e  diameter  (400pm).  However, 
at  the  higher  intensities,  structure  was  evident  in  the 
"wings"  of  the  amplified  image.  As  the  signal  power  was 
changed  from  185  pW  to  20  pW,  the  FOV  for  the  direct 
images  decreased  from  recovering  most  of  the  original 
image  to  just  that  subtended  by  the  approximate  1/e 
diameter. 

For  the  Fourier  imaging.  Dp  does  not  directly  affect 
the  field-of-view.  This  parameter  affects  only  the 
maximum  number  of  spatial  frequencies  that  can  be 
retained  in  the  image.  As  a  result  ,we  would  expect  this 
configuration  to  provide  a  larger  field-of-view,  but 
potentially  a  reduced  resolution.  As  can  be  seen  by 
comparing  Fourier  images  in  Figs.  2  and  3,  there  is  some 
reduction  in  the  FOV  at  the  lowest  light  levels  but  not 
nearly  to  the  extent  evident  when  the  direct  imaging 
method. 

The  expected  difference  in  FOV  between  the  two 
methods  can  be  seen  in  Figs.  2  and  3,  The  resolution  for 
each  method  evident  in  the  two  figures  appears 
comparable,  indicating  that  the  resolution  attainable  with 
the  Fourier  imaging  is  not  severely  limited  for  these 
experimental  conditions.  To  acquire  an  equivalent  FOV 
using  direct  imaging,  the  image  would  have  to  be 
demagnified  such  that  Ds=400pm.  Such  reductions 
make  the  image  vulnerable  to  obscurations,  scratches, 
and  other  effects  impressed  directly  by  the  defects  and 
imperfections  in  the  crystal  itself. 

IV.  CONCLUSION 


readily  implementable  and  does  not  require  conipicx 
optical  interferometers  or  mechanical  methods  which 
reduce  signal  power  as  well  as  noise. 
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using  Fourier  imaging.  Hence,  crystals  with  smaller 
apertures  may  be  used.  Finally,  Fourier  imaging  is 
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